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Nu twijfel ik er daarom niet aan, of ook voor dit werk zal de jeugd 
veel belangstelling tonen, — in woord en beeld leert het immers 
een nieuwe wereld van luisterrijk licht en snorrende snelheid 
kennen, vol verrassingen en wetenswaardigheden. Zelf experi-
menteren, door eigen ondervinding wegwijs worden en zodoende 
de electriciteit begrijpen en toepassen, — wat kan een jongen (! ) 
beter wensen en hoe kan het hem de weg openen naar een 
werkkring, waartoe dagelijkse omgang met electriciteit behoort! 
Maar ook uitsluitend als hobby bezit de electriciteit reeds volop 
aantrekkingskracht, — moge dit boek steeds voor de jeugd de 
uitverkoren leidraad zijn! 
Leonard De Vries, Het Jongens electriciteits boek, De Bezige Bij, 
Amsterdam 1955 
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10 Terminology & abbreviations 
Term 
Asphyxia 
Autoregulation 
Bram sparing 
CBF 
CBFF 
CBFP 
CBFV 
CBF-velocity 
Cerebral Blood Flow 
Coefficient of Variation 
CPI 
CPW 
CV 
Doppler shift 
Doppler ultrasound 
Duplícate Difference 
EDV 
End Diastolic Velocity 
Definition 
Hypoxia and hypercarbia due to 
insufficient respiration 
Ability to adapt blood flow to 
changing conditions 
Redistribution of blood towards 
the brain, at the expense of other 
organs 
Cerebral Blood Flow 
CBF-fluctuation 
CBF-pulsation 
CBF-velocity 
Blood velocity in a cerebral artery 
The blood that perfuses the brain 
sd/mean 
Cerebral PI 
Cerebral PW 
Coefficient of Variation 
The change in wave-length an 
electromagnetic- or sound-beam 
undergoes, when it is reflected by 
a moving object 
Detection or measurement of 
motion using ultrasound 
Difference between a pair of 
recordings of the same artery in 
the same behavioral state 
End diastolic Velocity, or Vdiast 
Minimum velocity during diastole 
Reference 
I.7 
1.2 
1.3 
1.2; ІН.З; IV 
1.2 
IV; VI 
11.1 
l l. l 
IV 
IV 
Terms in italics are defined elsewhere in this table 
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Term Definition Reference 
Examination Session 
Fluctuation 
Impaired 
IQR 
Ischemia 
Left-right difference 
Mean Velocity 
MV 
Neonatal Brain Damage 
Patent Ductus Arteriosus 
PDA 
Peak Systolic Velocity 
PEEP 
PEEP-effect 
Periventricular Hemorrhage 
Combined recording of CBFV, 
cardiorespiratory and neurological 
state 
Variation between heart beats 
Cerebral palsy, including more 
than six months developmental 
delay at the age of two years 
Interquartile Range 
Hypoperfusion (literally shortage 
of blood) 
Difference between a Recording 
at the left side and a recording in 
the same behavioral state at the 
right side 
Area under the velocity curve 
divided by the time base, or 
Vmean 
Mean Velocity 
Brain damage acquired at birth or 
during the following week 
Left-right shunt across the ductus 
arteriosus 
Patent Ductus Arteriosus 
Maximum velocity during systole, 
or Vsyst 
Positive End Expiratory Pressure 
Difference between CBF during 
PEEP and CBF without PEEP 
Hemorrhage originating from the 
subependymal region adjacent to 
the thalamostriatal complex 
lll.1;IV 
I.2; VI 
III.4.9 
IV 
[Anderson 
et al 1994] 
IX 
IV 
1.1 
HI .3 
IV 
X 
X 
1.1 
Terms in italics are defined elsewhere in this table 
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Term Definition Reference 
Periventricular Leukomalacia White matter infarction adjacent 
to the lateral ventricles 
1.1 
PET 
PI 
PSV 
Pulsation 
•Pulsati lity 
Pulsatility Index 
Pulse 
PVH 
PVL 
PW 
Recording 
RDS 
Sample volume 
sd 
TfD 
Variability 
Vdiast 
Vmean 
Vsyst 
Positron Emission Tomography 
Pulsatility Index 
Peak Systolic Velocity 
Variation within a heart beat 
PSV-EDV 
Pulsatility I PSV - 1 - EDV / PSV 
CßFV-course during one RR-
interval of the ECG 
Periventricular Hemorrhage 
Periventricular Leukomalacia 
Pulse Width 
Measurement during 20s. 
Respiratory Distress Syndrome 
Region of interest, where the 
measurement takes place 
Standard Deviation 
Transfontanellar Doppler 
ultrasound 
Fluctuation 
Minimum velocity during diastole 
Area under the velocity curve 
divided by the time base 
Maximum velocity during systole 
I.2; VII 
VII 
IV 
IV 
Vili 
IV 
III 
II.2; IV 
II.4 ; IV 
IV 
IV 
IV 
Terms in italics are defined elsewhere in this table 
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CHAPTER I 
CEREBRAL BLOOD FLOW AND NEONATAL BRAIN DAMAGE 
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The notion that preterm birth and disturbances in the cerebral blood flow (CBF) 
constitute major factors in the pathogenesis of neonatal brain damage (NED) dates 
back to the last century [Little 1843; Roy and Sherrington 1890]. Many decades later, 
the introduction of transfontanellar Doppler ultrasound [Bada et al. 1979] has put 
this issue back in the center of the attention. This thesis is the consequence of this 
development. This chapter reviews the present knowledge on the involvement of 
CBF in NBD and delineates the questions that remain. Some of these questions will 
be dealt with in the subsequent chapters. 
1.1 Neonatal Brain Damage 
Neonatal Brain Damage (NBD) is brain damage which is not progressive and has 
been acquired at birth, or during the following week. The disorder shows a 
preference for preterm newborns. This distinguishes NBD from its antenatal 
counterpart. Incidence figures for NBD alone, are not available. Instead the 
published data lump the neonatal and antenatal forms together, usually under the 
clinical diagnosis of cerebral palsy [McKeith. 1959]. The estimates range from 1.5%o 
in the general population to 1% in preterms [Hagberg et al. 1993; Sola and Piecuch 
1994] and 4-13% in very low birth weight populations [Stanley and English 1986; Yu 
1987; Doyle 1995; Hagberg et al. 1996]. These figures, the permanent character of 
the sequela and a considerable life expectancy [Hutton et al. 1994; Crichton et al. 
1995], make cerebral palsy and therefore NBD, a major burden for the patient 
[Murphy et al. 1995] and for the society as a whole. 
Anatomically the main presentations of NBD in preterms are periventricular 
hemorrhage (PVH) [Grontroft 1953; de Courten and Rabinowicz 1981; Rushton et 
al. 1985] and periventrictdar leukomahcia (PVL) [Banker and Larroche 1962; Paneth 
et al. 1990] or white matter infarction. As both have the same predilection site (Figs 
1.1- 4) and as PVL can undergo hemorrhagic transformation [Hill et al. 1982; Volpe 
1992], it is virtually impossible to distinguish between the different periventricular 
lesions. Perhaps, PVH and PVL are not separate entities at all, and PVH is a 
complication of PVL [Ment et al. 1985]. Similarly, it has been suggested that the 
progression of PVH results from venous infarction [Volpe 1992]. So far, 
hemorrhagic transformation has only been demonstrated in adults [Moulin et al. 
1994; Ueda et al. 1994] and animals [de Courten Myers et al. 1992; Yoshioka et al. 
1989]. However, it is likely that this happens in newborns as well. Arguments in 
support of this proposition are the similarity in risk factors for PVH and PVL 
(Table 1.1), and the tendency of both conditions to occur in combination [Skullerud 
and Westre 1986; Armstrong et al. 1987]. Another argument for continuity between 
PVH and PVL, is that both conditions exhibit opposite and almost balanced shifts 
in incidence [Allan et al. 1994; Cooke 1994; Reynolds and Meek 1994]. 
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Fig 1.1 Ultrasound appearance of periventricular hemorrhage (PVH) of 
intermediate severity, in the course of the first weeks of life 
2 days 4 days 10 weeks 
Three ¡mages of the brain of the same infant, taken in a coronal plane near the foramen 
of Monro. At the age of two days no abnormalities are visible. At the age of four days the 
hemorrhage appears as an area of increased echogenicity near the bulge of the 
thalamostriate! complex. At the age of ten weeks the abnormalities have almost 
completely disappeared. 
Fig I.2 Ultrasound appearance of periventricular leukomalacia (PVL), in the 
course of the first weeks of life 
4 weeks 5 weeks 8 weeks 
Three ¡mages of the brain of the same infant, taken in a coronal plane near the foramen 
of Monro. At the age of four weeks no abnormalities are visible. One week later PVL 
becomes visible as a wedge shaped area of moderately increased echogenicity extending 
from the thalamostriatal complex in the upper lateral direction. At the age of eight weeks 
the initial lesions are replaced by anechogenic cyst-like lesions. 
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Fig 1.3 Mixed form of 
periventricular lesion 
Ultrasound image of the brain at the 
age of two weeks, taken in a coronal 
plane near the foramen of Monro. A 
lesion with features of a hemorrhage 
and leukomalacia is present adjacent 
to the right lateral ventricle. The left 
lateral ventricle is slightly enlarged, 
but further the brain parenchyma 
seems unaffected at that side. 
Fig 1.4 Summary of the periventricular lesions shown in Figs 1.1-1.3 
Hemorrhage Leukomalacia Residual lesion 
Minor Major Pure Hemorrhagic Post PVL Post PVH 
form form form form 
PVL = periventricular leukomalacia; PVH = periventricular hemorrhage. 
For a long time, clinical and post mortem findings were the main diagnostic 
criteria for NBD. The introduction of ultrasound brain imaging [Pape and Cusick 
1979; Mack et al. 1981; Martin et al. 1983] drastically changed this [Hope et al. 1988; 
Philip et al. 1989; Levene 1990]. The main advantage was a considerable reduction 
of selection bias, thanks to the almost unlimited applicability of ultrasonography. 
However, limitations persisted, in particular for PVL. The main limitations are a 
long diagnostic delay for the non-hemorrhagic form of PVL [Hope et al. 1988; 
Nwaesei et al. 1988] and poor distinction from innocent transient abnormalities 
(Jongmans et al. 1993; Ringelberg and Van de Bor 1993] and PVH [Martin et al. 
1983]. 
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Table 1.1 Risk factors of Periventricular Hemorrhage (PVH) and 
Leukomalacia (PVL) 
Factor 
Immaturity 
Intrapartum 
asphyxia 
RDS or mechan i 
cal ventilation 
Patent Ductus 
Arteriosus 
Hypotension 
PVH 
[Wallinetal. 1990] 
[Battonetal. 1994] 
[Dykes et al. 1980] 
[Wallinetal. 1990] 
- [Hawgoodetal. 1984] 
[Szymonowicz et al. 
1984] 
IJzogalisetal. 1989] 
[Dykes et al. 1980] 
[Wallinetal. 1990] 
[Watkins et al. 1989] 
[Perlmanetal. 1996] 
PVL 
Pzogalis et al. 1989] 
[Levitón and Paneth 
1990] 
[Sínhaetal. 1990] 
[Weindlingetal. 1985] 
[Shortland et al. 1990b] 
[Sínhaetal. 1990] 
[Tzogalisetal. 1989] 
[Calvert et al. 1987] 
PVH + PVL 
[Weindling et al. 
1985] 
[Tzogalisetal. 1989] 
« 
[Miall-Allen et al. 
1987] 
Recurrent apnea [Hawgood et al. 1984] [Tzogalis et al. 1989] 
Literature in parenthesis 
For decades it has been accepted that the mechanical trauma inherent in birth is 
a major risk factor for NBD [DeLange and Brouwer 1949; Malamud 1959]. Though 
recent reports on the differences between vaginal and caesarean deliveries seem to 
support this view [Ment et al. 1992; Shaver et al. 1992], it has become apparent that 
other factors are more important. The main examples are presented in Table 1.1. All 
have ischemia and/or asphyxia as their main constituents. Though this is more 
consistent with PVL than with PVH, the same risk factors do also apply for PVH. 
The contribution of hemorrhagic disorders suggested by some authors [Beverley et 
al. 1985; Amato et al. 1988], seems small [Van de Bor et al. 1986; Mullaart et al. 
1991]. 
The pathogenesis, that is the progression from risk factor to NBD, is but partly 
solved. It is illustrative that none of the specific preventive measures proposed (Table 
1.2) have been generally accepted, that many measures have turned out to be 
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ineffective or even harmful [Kuban et al. 1986; Chernick et al. 1988; Law et al. 1990; 
Elbourne 1994; Levene and Quinn 1992], and that the tendency of NBD to decline 
has halted [Hagberg et al. 1993; Kuban and Levitón 1994; Sola and Piecuch 1994]. 
Also illustrative is the inconsistency in the literature on the mechanisms putatively 
involved [Miall-Allen et al. 1987; Del Toro et al. 1991]. In particular the onset of 
NBD is still obscure [Heiss and Herholz 1994] and just that part of the process of 
brain damage contains most clues for cause and therapy. Clinical methods including 
morbid anatomy and brain scanning are insufficient to elucidate this. Cerebral 
biochemistry and CBF are more helpful. 
Evaluation of the cerebral biochemistry requires radionuclide investigation [Altman 
1993; Heiss and Herholz 1994; Newberg and Alavi 1996], magnetic resonance 
spectroscopy [Wyatt 1994; Groenendaal et al. 1995], or chemical analysis of brain 
tissue [Mies et al. 1991; Yao et al. 1995]. These are rarely, if ever, feasible in 
newborns. The CBF is easier to investigate. 
Table 1.2 Substances/ measures applied to prevent 
PVL, PVH, and related brain damage in newborns and adults 
Allopurinol [Palmeret al. 1990] 
Barbiturates [Kuban et al. 1986; Andersen et al. 1994; Wells and Ment 1995] 
Ca-entry blockers [Heros 1994; Kaste et al. 1994] 
Carbon dioxide [Sola et al. 1983] 
Corticosteroids [Wells and Ment 1995; Pomeranz and Safar 1994] 
Desferoxamine [Palmer et al. 1994] 
Doxycicline [Clark et al. 1994] 
Ethamsylate [Elbourne 1994; Wells and Ment 1995] 
Gangliosides [Lenzi et al. 1994] 
Hypothermia [Heros 1994; Laptook et al. 1994; Markarian et al. 1996] 
Indomethacin [Ment et al. 1994; Wells and Ment 1995] 
Nitric oxide [Zhang and ladecola 1994; Vallance and Collier 1994] 
Naloxone [Chernick et al. 1988] 
Nerve growth factor [Lee et al. 1994; Holtzman et al. 1996] 
NMDA antagonists [Ford 1990; Hamada et al. 1994; Lipton and Rosenberg 1994] 
Surfactant [Gunkel and Banks 1993; Wells and Ment 1995] 
Vitamin E [Law et al. 1990; Heros 1994; Wells and Ment 1995] 
Literature in parenthesis 
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1.2 Cerebral blood flow (CBF) 
The cerebral blood flow (CBF) is the blood that perfuses the brain. The blood 
vessels in which this takes place, constitute a complex which is composed of the 
following functional entities: 1) an arterial part, consisting of two carotid and one 
basilar artery; the circle of Willis; two anterior, two posterior, and two middle 
cerebral arteries; and the branches of these arteries; 2) a venous part, consisting of 
venules; veins; dural sinuses; and internal jugular veins; and 3) in between the arterial 
and venous part, the microcirculation, consisting of arterioles and capillaries (Fig 1.5). 
The arteries and veins predominantly serve supply and drainage. The arteries are 
able to contract and dilate [Pearce and Ashwal 1987; Schwarzacher et al. 1992; 
Suzuki et al. 1994]. The veins are entirely passive. The main functions of the 
microcirculation are exchange between blood and brain, and autoregulation. 
Fig 1.5 Anatomy of the cerebral circulation 
Legends: Arterial and venous phase of a cerebral angiography using intra-oartic 
radiocontrast administration. Both phases have been combined in the same ¡mage, the 
arterial in white, and the venous in black. The basilar artery is barely visible. 
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CBF is expressed as volume per time unit. The first determinations date back 
centuries, took place in animals, and were literally a bloody affair [Roy and 
Sherrington 1890]. Only in recent decades have methods became available that are 
suitable for use in man (Table 1.3). Each of these means a considerable strain [Pryds 
and Edwards 1996] and virtually none can be qualified as an absolute standard [Rolfe 
et al. 1983; Kirsch et al. 1985; Pryds and Edwards 1996]. Extra complicating factors 
are regional variability [Taudorf and Vorstrup 1989] and the influence of sedation. 
Table 1.3 CBF estimation methods 
Inert tracer clearance (Fick principle) 
Radionuclide (e.g. ,33Xe) clearance 
Single Photon Emission Ct (SPECT) 
Positron Emission Tomography (PET) 
Near Infra Red Spectroscopy (NIRS) 
Plethysmography 
Literature in parenthesis 
[Sharplesetal. 1991] 
[Baenziger et al. 1995; Pryds and 
Edwards 1996] 
[Haddad et al. 1994; Newbergand 
Alavi 1996] 
[Altman and Volpe 1991; Newberg 
and Alavi 1996] 
[Bucher et al. 1993; Liem et aL 
1994] 
[Colditz et al. 1990; 
Wickramasinghe et al. 1992] 
In view of the limitations of CBF estimation, other methods came into use which 
measure other CBF modalities than volume per time unit. These modalities include: 
cerebral blood volume; cerebral blood flow velocity; cerebral blood pulsation; and 
cerebral blood flow fluctuation. The cerebral blood volume, although of great 
significance [Baron et al. 1989; Livera et al. 1992; Van de Bor et al. 1994], goes 
beyond the scope of this thesis. 
Cerebral blood flow velocity (CBFV) usually refers to blood velocity in an artery. 
The CBFV thus represents a part of the CBF, i.e. in the territory of the artery 
sampled. CBFV is usually measured using Doppler ultrasound [Bada et al. 1979; 
Babcock 1995; Cheung et al. 1994]. This method is only reliable when the angle of 
measurement is under control. This can be achieved by taking a sample site where 
the blood flow direction coincides with the insonation direction. This is for example 
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feasible for the pericallosal and internal carotid arteries. The alternative method of 
angle control, i.e. by means of Doppler imaging, is probably less accurate [White 
1992; Giller 1994]. Some authors have suggested that Doppler ultrasound can 
estimate flow volume, by combining it with vessel diameter determination [Gill 
1979; Schoning et al. 1994] or by executing it in the power mode [Aaslid et al. 1991]. 
The CBFV pulsates during each heart beat between a diastolic minimum (end-
diastolic CBFV) and a systolic maximum (peak systolic CBFV). As pulsation has 
acquired pathophysiological significance, several measures to express pulsation have 
been proposed. The current favorite is the pulsatility index (PI) [Pourcelot 1976]. 
This measure is angle independent and therefore many authors preferred it over 
CBFV, particularly at the beginning of the Doppler era. Because PI is a ratio of two 
variables, it is hard to interpret [Drayton and Skidmore 1986]. Due to this 
disadvantage and the insight that angle derived errors can be avoided, the preference 
now tends towards CBFV, in particular mean CBFV, defined as the average over one 
or more heart beats. 
Variation between heart beats is known as fluctuation. Initially, the coefficient 
of variation of a particular blood flow parameter was used to measure fluctuation 
[Perlman et al. 1983; Rennie et al. 1987; Van Bel et al. 1992]. Nowadays, the velocity 
spectrum is more common [Anthony et al. 1991; Ferrarri et al. 1994; Michel et al. 
1994]. 
The definition of the cerebral autoregulation is a matter of debate [Anthony and 
Levene 1994; Anthony 1995]. On the one hand the term autoregulation is used in 
a strict sense, i.e. the ability to resist changes in blood pressure. On the other hand, 
the term is used in a wider sense, i.e. the ability of the cerebrovascular system to 
adapt to changes in blood composition, blood pressure, and cerebral demands. In 
this thesis the wider definition is followed. The driving force underlying the cerebral 
autoregulation is a tight coupling between cerebral metabolic rate and CBF. The 
cerebral microcirculation is the main effector. The arteries may also play a part. 
The first observations of autoregulation derive from animal experiments [Roy 
and Sherrington 1890]. A variety of clinical methods have since further substantiated 
this. Examples of such methods are clearance studies and PET. Both enable direct 
observation of the coupling between cerebral metabolic rate and CBF [Frewen et al. 
1991; Connors et al. 1992; Altman 1993]. For routine use, estimation of the 
cerebrovascular reactivity is usually preferred, using procedures like artificially 
evoked orthostatic hypotension [Bode 1991; Lagi et al. 1994], hyper- or 
hypoventilation [Aaslid et al. 1991; Markus and Harrison 1992], or the 
administration of substances like insulin or acetazolamide [Bruhn et al. 1994; Dahl 
et al. 1995]. In newborns these procedures have only been applied on a small scale 
and almost exclusively with a therapeutic intent. Examples are: blood transfusions 
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[Ramaekers et al. 1988; Ramaekers et al. 1992b]; partial blood exchange [Maertzdorf 
et al. 1993]; glucose administration [Pryds et al. 1990a]; and readjustment of 
ventilator settings [Pryds et al. 1990b; Fenton et al. 1992]. 
It has been suggested that preterms lack this ability [Milligan 1980; Levene et al. 
1988; Fenton et al. 1992] and that this lack underlies their predisposition to brain 
damage. Against this view, which is entirely based on observations on sick 
newborns, stands much evidence that preterms are able to autoregulate adequately 
[Pryds et al. 1990a; Maertzdorf et al. 1993]. Even fetuses have been found to 
autoregulate [Arduini et al. 1990; Veille and Решу 1992; Abdul Khaliq et al. 1993]. 
1.3 CBF around birth 
The variation due to physiological changes in cerebral activity and blood 
composition sinks into insignificance when compared with the changes in the first 
days after birth. At that time, all the right-left shunts close or reverse, while blood 
pressure, left ventricular load and peripheral resistance simultaneously increase 
[Stopfkuchen 1987; Walker 1993]. The concurrent instability together with the high 
growth rate specific for the last trimester of intrauterine life [Guihard Costa and 
Larroche 1992], jeopardizes the brain. The brain is protected against this by a 
phenomenon known as brain sparing. This phenomenon has been described in 
particular in fetuses [Scherjon et al. 1993]. It implies a redistribution of the 
circulating blood volume towards the brain, at the expense of the other organs. 
Despite such protective mechanisms, the CBF changes considerably at birth. 
Initially the knowledge of the neonatal changes was based on animal studies 
[Patton and Fisher 1984]. In the late seventies this changed. From then on, there was 
an ever increasing stream of studies on human newborns, predominantly based on 
Doppler ultrasound. According to these studies, the CBFV shows a gradual increase 
before birth [Meerman et al. 1990]. Consistent therewith is that preterm newborns 
have lower CBFV's than full-terms P e e g and Rupprecht 1989; Yoshida et al. 1991]. 
Thus, compared to full-terms, preterms exhibit relative cerebral ischemia. 
According to Doppler studies, birth is followed by a sudden decrease of CBFV 
[Meerman et al. 1990; Winberg et al. 1990; Ipsiroglu et al. 1993] and according to 
animal studies this decrease represents a decrease of CBF [Patton and Fisher 1984; 
Walker 1993]. Thus, compared to the fetal state, there is a relative cerebral ischemia 
after birth. Probably this is caused by cerebral vasoconstriction due to better 
oxygenation [Meerman et al. 1990]. The reversal of all the right-left shunts may also 
contribute. 
A few hours later, the sharp neonatal CBFV decrease is followed by a gradual 
recovery of the CBFV [Archer et al. 1985; Agata et al. 1994; Cheung et al. 1994]. 
Probably, this is a consequence of the closure of all the left-right shunts, in particular 
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the one across the ductus arteriosus [Mellander and Larsson 1988; Agata et al. 1994; 
Shimada et al. 1994]. According to some authors this view is incorrect [Batton et al. 
1992; Connors et al. 1992] and instead cerebral artery constriction is considered the 
cause of the recovery of CBFV [Connors et al. 1992]. This view conflicts with one 
of the major axioms in Doppler ultrasound, i.e. that apart from pulsations, arterial 
diameter stays relatively constant [Miyazaki 1968; Giller et al. 1993]. This, together 
with the observation that certain pathological conditions cause vasospasm 
[Steinmeier et al. 1993], underscores the necessity of diameter determinations. 
1.4 CBF in neonatal complications 
There are many conditions that disturb the neonatal circulatory and respiratory 
transitions and thus jeopardize CBF. A major predisposing factor is prematurity 
[Walker 1993]. The main common features of the ensuing threat are hypotension 
and asphyxia (Table 1.4). The effects of hypotension and asphyxia on the CBF have 
much in common. However, they differ in origin (Fig 1.6). 
Table 1.4 Perinatal complications with hypotension and/or asphyxia 
Predominantly hypotension Predominantly asphyxia 
Patent ductus arteriosus [Evans Umbilical cord compression [Johnson et al. 
and Moorcraft 1992] 1979; Lou et al. 1979] 
Heart failure Placental insufficiency /intra-uterine 
starvation 
Neonatal sepsis [Young et al. Complicated labor / intrapartum asphyxia 
1982] [Low et al. 1994] 
Neonatal apnoea 
Respiratory distress syndrome (RDS) 
Persistent fetal circulation 
Literature in parenthesis 
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Fig 1.6 Main features of neonatal asphyctic and ischemic brain damage 
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Legends: The arrows describe the putative relation between perinatal complications and 
brain damage, the text in italics refers to factors which might contribute in the depicted 
sequence of events, and the lowest text line describes some accompanying phenomena. 
Perinatal complications can give rise to hypotension and/or asphyxia, and these in their 
turn can lead to cerebral energy depletion and cerebral blood flow (CBF) alterations like 
ischemia and/or hyperemia. At last, this can result in brain damage. Perhaps, immature 
autoregulation predisposes to the CBF disturbances indicated. Perhaps, hypotension 
and/or asphyxia do also cause excessive CBF fluctuation and excessive CBF pulsation 
and perhaps these disturbances contribute to the eventual brain damage. Eventually, the 
autoregulation get lost. 
The firmest evidence for the effects of hypotension on the CBF comes from 
animal studies, including experiments with Coli endotoxin administration [Young 
et al. 1982] and exsanguination [Sola et al. 1983]. According to these studies, 
hypotension results in global cerebral ischemia. Studies in human newborns are 
scarce and predominantly focussed on the effects of patent ductus arteriosus (PDA). 
The main findings were that PDA decreases CBFV [Mellander and Larsson 1988; 
Agata et al. 1994; Shimada et al. 1994] and increases cerebral PI (CPI) [Perlman et al. 
1981; Mari et al. 1989; Shimada et al. 1994]. Both are consistent with ischemia. This 
view is supported by observations that PDA correlates with hypotension [Evans and 
Moorcraft 1992], with PVL [Shortland et al. 1990a], and with ischemia of other 
organs, including kidneys and gut [Shimada et al. 1994; Van Bel et al. 1995]. An 
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additional argument is that surgical ductal closure increases CBFV [Sonesson et al. 
1986; Saliba et al. 1991]. Perhaps the contradiction with studies that have questioned 
the effect of PDA on CBFV [Connors et al. 1992; Shortland et al. 1990a], is due to 
differences in ductal size. It is well known that ductal shunt size can vary 
considerably. This variation has been found to correlate with gestational age 
[Drayton and Skidmore 1987; Shimada et al. 1994; Evans and Iyer 1995] and with 
CBFV [Mellander and Larsson 1988; Agata et al. 1994]. Neonatal studies on the 
effects of heart failure are scarce and difficult to interpret, the latter because heart 
failure was always a constituent of another condition, including PDA [Mellander 
and Larsson 1988; Shimada et al. 1994] and asphyxia [Van Bel and Walther 1990]. 
Clinical experience in adults suggests that heart failure causes global ischemia [Bladin 
and Chambers 1994]. 
Asphyxia and its effects on the neonatal CBF have been studied on a larger scale 
than hypotension. Curiously enough, RDS, despite its high prevalence, was not 
considered as a study variable. The diagnoses that were taken into consideration 
ranged from asphyxia [den Ouden et al. 1987; Van Bel and Walther 1990], to post-
asphyctic encephalopathy [Archer et al. 1986], intrapartum asphyxia [Low et al. 
1994], perinatal asphyxia [Stark and Seibert 1994], acidosis at delivery [Morrison et 
al. 1995], and intra-uterine starvation [Van Bel et al. 1986; Scherjon et al. 1994a]. 
Mostly, a CBFV-increase was found [Van Bel and Walther 1990; Low et al. 1994] or 
a CPI-decrease [Bada et al. 1979; Archer et al. 1986; den Ouden et al. 1987; Morrison 
et al. 1995]. Both are consistent with cerebral hyperaemia. Many animal studies 
[Hasegawa et al. 1991; Hylland et al. 1994], including experimental apnoea [Laptook 
et al. 1982; Rosenberg 1986] and umbilical cord compression [Lou et al. 1979; 
Ashwal et al. 1981], support this view. Probably, post-asphyctic hyperaemia is an 
autoregulation mediated effect of hypercarbia and hypoxia. 
The treatment of neonatal complications may also have a deleterious effect on 
the CBF. Examples are mechanical ventilation and the administration of surfactant 
or Indomethacin. Over-ventilation causes ischemia [Fenton et al. 1990a], and 
breathing against the ventilator may cause excessive CBF fluctuation [Perlman et al. 
1983; Rennie et al. 1987]. Surfactant and Indomethacin have been observed to 
decrease CBF(V) [Cowan et al. 1991; Van Bel et al. 1992; Liem et al. 1994; Bell et al. 
1994]. 
1.5 Consequences of disturbed CBF 
Ischemia is immediately followed by an increase of oxygen extraction from the 
blood [Lenzi et al. 1982; Marchai et al. 1996]. This increase is considered as an 
indication that the affected brain parenchyma is still vital [Wise et al. 1983; Heiss and 
Herholz 1994] and therapy may still make sense (therapeutic window) [Baron et al. 
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1995; Ginsberg 1995; Markarian et al. 1996]. Despite this, none of the specific 
measures proposed appear effective [Adams et al. 1994]. Some may be even 
potentially harmful [Kuban et al. 1986; Law et al. 1990; Levene et al. 1990; Hakim 
1994]. 
Prompt reperfusion is followed by complete restoration. If the ischemia persists 
for hours, the oxygen extraction begins to decrease [Baron et al. 1989; Heiss and 
Herholz 1994]. This means that parenchymal damage has become irreversible 
[Marchai et al. 1996]. Reperfusion in this stage may have the character of 
hyperperfusion [Frewen et al. 1991], may aggravate the ischemic damage {reperfusion-
trauma) [Hsu 1994; Yang and Betz 1994], and may provoke hemorrhagic 
transformation [Goddard Finegold et al. 1982; Yoshioka et al. 1989]. Conversely, 
clinical experience, including a neonatal Doppler study [Perlman et al. 1994] and 
several adult SPECT studies [Marchai et al. 1993; Baird et al. 1994], suggests that 
gradual reperfusion is beneficial. The ensuing parenchymal damage predominantly 
develops between the arterial territories, i.e. in the watershed areas [Bladin and 
Chambers 1993; Bladin et al. 1993]. In preterms the periventricular region is such an 
area [Pape and Wigglesworth 1979; Pasternak et al. 1982]. The time this all takes, 
depends on the depth of the ischemia, the rate it develops [Heiss and Herholz 1994], 
and the maturity of the patient [Meyers 1977]. 
The insight in the consequences of ischemia is complicated by the fact that brain 
damage in its turn, is able to cause cerebral ischemia {secondary ischemia) [Batton and 
Nardis 1987; Hanson et al. 1993; Mires et al. 1994; Yang et al. 1994] . As a 
consequence, all observations of the CBF(V) in brain damaged newborns are 
ambiguous. Another consequence is that ischemic brain damage tends to expand 
[Lipton and Rosenberg 1994]. This tendency refers to the direct neighborhood 
[dynamic penumbra) [Heiss et al. 1994; Marchai et al. 1996], but also to more distant 
areas {diaschisis) [Andrews et al. 1993; Yamauchi et al. 1994]. 
The effect of hyperaemia on the brain is less clear. Some authors have suggested 
that it causes PVH. This, they deduced from post mortem findings [de Courten and 
Rabinowicz 1981], CPI-values [Bada et al. 1979; Van Bel et al. 1987] and blood 
pressures [Gronlund et al. 1994] in newborns with PVH and from the effects of 
artificial hypertension [Goddard et al. 1980a; Pasternak and Groothuis 1985] and 
volume expansion [Goddard Finegold et al. 1982; Goldberg et al. 1980] in animals. 
However, no relationship between a high CBF(V) and PVH has yet been proven, 
neither in newborns with PVH [Shortland et al. 1990b; Scherjon et al. 1994b], nor 
in newborns with a high CBFV. 
It has been suggested that excessive fluctuation and excessive pulsation can also 
cause PVH. This suggestion relies on correlations between PVH and fluctuation 
[Perlman et al. 1985], and between PVH and pulsation [Bada et al. 1979; Miles 1987; 
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Mires et al. 1994]. Other studies have been negative [Perlman and Volpe 1982; 
Kuban et al. 1988; Miall-Allen et al. 1989], or have shown the opposite [Bada et al. 
1979; Van Bel et al. 1987]. 
1.6 Concluding remarks 
From the above it appears that there is a great deal of similarity between PVL 
and PVH, that both conditions probably correlate with a disturbed CBF, and that 
the underlying mechanisms are still largely unknown. The latter applies in particular 
for PVH. A compilation of the mechanisms possibly involved in the development 
of PVH is presented in Fig 1.7. 
Fig 1.7 Mechanisms possibly underlying PVH 
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Much of the confusion about the pathogenesis of NBD is attributable to 
technical limitations. A lack of uniformity in definitions also plays a role. An 
example is the definition of asphyxia. Literally, asphyxia means pulslessness. 
According to Dorland (1993) the term refers to a state of suffocation. This implies 
a combination of hypoxia and hypercarbia. In the literature however, the term 
asphyxia refers to a multitude of conditions [Nelson and Levitón 1991; Kuban and 
Levitón 1994J. Many of these conditions are considered a consequence of a 
complicated pregnancy or labor, and keep in particular obstetricians in a medicolegal 
grasp [Hall 1989]. However, there are an increasing number of indications that the 
reverse is also true [Bedrick 1989; Nelson and Levitón 1991], i.e. that much NBD has 
already developed before birth [Gaffney et al. 1994; Kuban and Levitón 1994] and 
that much of the so-called perinatal asphyxia is effect rather than a cause of NBD 
[Nelson and Levitón 1991]. 
Finally, much of the uncertainty is a consequence of the design of the studies 
carried out so far. An example of a design which makes conclusions difficult, is 
investigation after the onset of brain damage. Such a design precludes differentiation 
between cause and effect. Another example is the restriction to one measurement 
per individual. In view of the diverse course of brain damage, an incidental 
measurement cannot possibly be assigned to a particular stage of the brain damage 
process. A final example of a pitfall is the omission of relevant co-variates. 

CHAPTER II 
TRANSFONTANELLAR DOPPLER ULTRASOUND 
Technical aspects and Clinical significance 
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ILI Theoretical background 
Sound is a mechanical phenomenon, i.e. vibration propagating through a 
substance (gas, liquid or solid), and can be described in terms of energy and 
frequency. The energy determines whether the medium traversed by the sound is 
only temporarily changed (vibration), or permanently damaged. The frequency 
determines whether sound is audible. Normally, the range 16-16000 Hz is audible. 
Higher frequencies are called ultrasound. 
Sound not only changes the medium it uses; the reverse is also true. Thus, 
analysis of propagated sound waves can provide clues on the medium traversed. This 
makes sound a diagnostic instrument, now widely used in medical practice. As the 
precision of sound analysis increases with the frequency of the sound, diagnostic 
ultrasound usually employs ultrasound. Frequencies between of 1 to 10 MHz are 
commonly used. Within this range sound has a penetrating capacity of many 
centimeters. 
The practice of diagnostic ultrasound implies the insonation of the body with an 
ultrasound beam, and the analysis of the echo's produced by acoustic 
inhomogeneities. Characteristics estimated are: the echo loudness (amplitude), the 
time between transmission and reception of the echo (travel time), and the frequency 
shift the ultrasound undergoes (Doppler shift). The amplitude is specific for the 
consistency of the inhomogeneities, the travel time for their position, and the 
Doppler shift for their velocity. The amplitude and travel time are used in 
ultrasound imaging, and the Doppler shift (together with the amplitude) in Doppler 
blood flow examination (Doppler ultrasound in brief). 
The term Doppler is a tribute to Christian Doppler, who in 1843 postulated that 
the relative velocity with which a star moves, influences its perceived color. 
Although the example used was erroneous, the proposition that there exists a 
predictable relation between the frequency of a signal and the velocity with which 
its source moves, proved to be correct and to apply to many phenomena, including 
the expansion of the universe. The first proof referred to sound. This was produced 
by the Dutch physicist Buys Ballot, by using a train, trumpet players and listeners 
with absolute pitch. He established that there is a linear relationship between the 
perceived pitch of the sound and the velocity of its source [White 1982]. By virtue 
of this principle, called the Doppler principle, the velocity of each moving object can 
determined. 
The practice of diagnostic Doppler ultrasound implies the modelling of blood 
cells as secondary sound sources (by insonation with ultrasound) and next, the 
analysis of the sound produced (echoes) in order to estimate the Doppler shift. As 
blood flows in a laminar fashion (fast in the center and slow at the periphery) 
Doppler ultrasonography provides not one Doppler shift, but a range of shifts 
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{Doppler spectrum). As the processing of the complete Doppler spectrum is laborious, 
the analysis is often confined to a particular index of the spectrum. Examples are the 
mean frequency and the integrated power of the Doppler spectrum. The former 
reflects the velocity, and the later the quantity of moving blood cells [Kenton et al. 
1996; Babcock et al. 1996]. 
II.2 Methods of Doppler ultrasound 
The earliest method of Doppler ultrasound uses two transducers, one for 
ultrasound transmission and the other for the reception of the echoes. This 
technique is known as continuous-wave Doppler. The region where the 
measurement actually takes place {sample volume) is formed by the volume where 
the directivity function of both transducers overlap. As a consequence the spatial 
selectivity of this method is poor (Fig Π.1). 
Fig 11.1 Difference for sample volume size between pulsed and continuous wave 
Doppler 
The next development was that both ultrasound transmission and reception 
were much shortened, and the interval between transmission and reception was 
made variable. This yields a small sample volume and the opportunity to place it any 
desired depth. This technique uses one transducer which alternately acts as emitter 
and receiver. As the ultrasound transmission takes place in short pulses, this 
modification is called pulsed Doppler. The most recent modification is Doppler 
imaging (Fig II.2). This is a two dimensional scan by means of multi-gate pulsed 
Doppler of a relatively large area, and the display of this scan in colors, each of 
which represents blood flow direction or the integrated power of the Doppler 
spectrum. Thus, a 2-dimensional image of all blood flow in the scan plane is 
obtained [Namekawa et al. 1983]. This technique employs a phased array or 
mechanically oscillating transducer. Some studies suggest that Doppler imaging in 
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the power mode is superior to conventional Doppler imaging (in the frequency 
mode, often called velocity mode) [Babcock et al. 1996; Kenton et al. 1996]. 
Initially, the use of Doppler ultrasound was confined to superficial blood vessels 
[Rushmer et al. 1967; Strandness et al. 1967]. However, soon the entire body became 
accessible. This includes the brain [Fox et al. 1967; Aaslid et al. 1991; Wechsler and 
Babikian 1994]. In infants the access to the brain is facilitated by open sutures and 
fontanelles. Mostly the approach through the anterior fontanelle is taken 
(transfontanellar Doppler ultrasound or TfD) [Bada et al. 1979]. Initially this was 
employed using the continuous wave mode and later using pulsed Doppler 
combined with echo imaging {duplex mode). The latter is now preferred and has been 
used for the studies in this thesis. 
Fig II.2 Doppler image of the neonatal brain 
Legends: Doppler ¡mage (frequency mode) of the brain taken in a coronal plane throug 
the chiasmatic cistern (at the right hand) combined with a Doppler recording of the left 
internal carotid artery (on the left hand). 
II.3 Characteristics measured by Doppler ultrasound 
Doppler ultrasound measures blood velocity, provided the angle of measurement 
equals zero or can be included in the estimation. Angle measurement is possible 
using Doppler imaging [Schoning et al. 1994; Martin et al. 1995], but the accuracy 
is limited. The alternative, an angle of zero degrees, can be accomplished by placing 
the sample volume at a location where blood flow direction and insonation direction 
coincide. This is feasible in the pericallosal and internal carotid arteries. The correct 
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position is easy to establish, partly as a consequence of its accessibility and favorable 
location relative to the fontanelle. For this reason the pericallosal and internal 
carotid arteries are popular. 
The extent to which Doppler ultrasound measures blood velocity is the subject 
of debate. The conservative view is that Doppler ultrasound only provides 
information on relative changes in blood flow velocity. This view is based on the 
conviction that the angle of measurement cannot be precisely controlled. In 
consequence, many authors confined themselves to relative measurements, i.e. to the 
angle independent pukatility index (PI). This restriction is troublesome and 
unnecessary. Troublesome because PI is a doubtful measure; and unnecessary 
because there are sufficient sites where the cerebral blood flow can be insonated at 
a negligible angle. 
According to the progressive view, the cerebral blood vessels have a fixed 
diameter, and Doppler ultrasound thus provides a reliable estimate oí flow volume 
[Schoning et al. 1994]. This view has been disputed on theoretical grounds [Kontos 
1989; Bladin and Burns 1994], and with reference to a discrepancy with other 
methods [Thoresen et al. 1994]. This discrepancy is however relative, as a golden 
standard is lacking [White 1992]. Further sophistications of Doppler ultrasound, like 
combination with ultrasonographic diameter estimation [Gill 1979; Schoning et al. 
1994] or the employment of the power mode [Aaslid et al. 1991], might further 
substantiate the progressive view. According to some studies the diameter of the 
cerebral blood vessels might be indeed fairly constant [Miyazaki 1968; Giller et al. 
1993]. Conversely, pathological conditions like vasospasm show that there are at 
least some exceptions. 
Flow velocity is a characteristic that cannot be measured by any method other 
than Doppler ultrasound (or laser Doppler). An example which underscores the 
significance of the unique character of Doppler ultrasound is vasospasm. In case of 
vasospasm, changes in blood velocity are more easily detectable and perhaps also 
earlier, than changes in flow volume. There are probably more conditions for which 
blood velocity is a better indicator than flow volume, and thus conversion of 
velocity to volume might eliminate essential information. 
II.4 Significance of transfontanellar Doppler ultrasound (TfD) 
Ultrasound may cause tissue damage. In diagnostic applications however, the 
transmitted intensity levels are within established safe limits [Rabe et al. 1990; Beek 
et al. 1996]. Thus, apart from a harmless ultrasound load and a slight pressure on the 
fontanelle, TfD implies no physical strain. This means that even the sickest newborn 
can undergo the procedure. Selection bias inherent in other methods is therefore 
excluded. Another consequence of the harmless character of TfD is that long-term 
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recordings are feasible. This makes TfD highly suitable for the detection of changes. 
Yet another important advantage is that the procedure leaves the blood flow 
unaffected. The latter, together with another property of TfD, i.e. its real-time 
character, enables a realistic presentation of the investigated blood flow. These 
advantages underlie TfD's wide popularity. 
Initially, TfD was predominantly confined to the estimation of the pulsatility 
index (PI) of the blood in the great cerebral arteries. According to the first studies, 
values 0.66±0.06 were normal [Perlman et al. 1981; Perlman and Volpe 1982] and 
lower values correlated with periventricular hemorrhage (PVH) [Bada et al. 1979; 
Van Bel et al. 1987]. Later studies however, showed the reverse [Mires et al. 1994], 
or no relationship at all [Perlman and Volpe 1982; Shortland et al. 1990b; Scherjon 
et al. 1994b]. Not only this contradiction, but also the silence that followed, casts 
doubt on the value of the cerebral PI (СРГ) as predictor for PVH. The 'normal 
value' of 0.66 ±0.06 has now been completely abandoned. This is understandable, 
since it has been established that the cerebral blood flow velocity (CBFV) shows a 
considerable biological variation, in particular in early life. 
Publications on the biological variation of cerebral blood flow (CBF) appeared 
shortly after the first reports on PVH, when the emphasis shifted towards the 
influence of physiological variables and therapeutic measures, and to CBFV instead 
of CPI. One of the first examples was an age trend [Archer et al. 1985; Yoshida et 
al. 1991; Agata et al. 1994]. Soon the influence of many other factors was recognized. 
This applies for: patent ductus arteriosus (PDA) [Saliba et al. 1991; Agata et al. 1994]; 
behavior [Ramaekers et al. 1989; Jorch et al. 1990]; C 0 2 [Fenton et al. 1992]; blood 
haemoglobin [Ramaekers et al. 1992a; Maertzdorf et al. 1993]; gestational age [Deeg 
and Rupprecht 1989; Yoshida et al. 1991]; birth weight [Cheung et al. 1994; Scherjon 
et al. 1994a]; medication [Saliba et al. 1992]; and mechanical ventilation [Fenton et 
al. 1990a; Bohin et al. 1995]. In consequence, insight in the relationship between 
CBF(V) and a given condition, requires that a large number oí potential confounding 
factors are taken into account. Due to their multiplicity and poor manageability this 
is only partly feasible. 
By now, many studies have compared Doppler ultrasound with other methods, 
or tested the reproducibility. Most authors considered the results favorable [Taylor 
et al. 1990; Ohlsson et al. 1991; Larsen et al. 1994; Thoresen et al. 1994], but others 
came to the opposite judgement [Greisen et al. 1984; Koons et al. 1993; Bornstein 
and Norris 1994]. In this context two comments must be made. Firstly, the 
comparison of Doppler ultrasound with another method is more or less a matter of 
apples and pears, and secondly, there still is no method that deserves the predicate 
golden standard. 
STUDY OUTLINE 
CHAPTER III. AIM OF THE STUDY, METHODS, AND SUBJECTS 
38 Study outline 
ПИЛ Aim of the study 
This thesis was motivated by the high incidence of NBD, the serious social 
impact of the condition and the many unsolved questions about the involvement of 
the CBF. Most of the unsolved questions are beyond the scope of this thesis and 
come up but briefly. Some are explicitly dealt with and comprise the bulk of this 
thesis. 
The main question tackled is, whether infants who develop NBD or conditions 
related to NBD, can be distinguished from infants who remain healthy, using 
cerebrovascular Doppler ultrasound. Before this question could be put, a number 
of preliminary tasks had to be dealt with. The first step was an assessment of a 
specially developed method of cerebrovascular Doppler ultrasonography. This is 
described in chapter Г . The chapter concentrates on the CBF-parameters measured 
and on the repeatability of the measurements. The measurement of fluctuation 
receives particular emphasis. Next, the biological variation of the CBF-parameters 
was measured, and the source of this variation determined. This is described in the 
chapters V and VI. Then the biological variation so determined was used as a 
reference for measurements in infants who develop NBD or related conditions 
(Chapters П & Ш). Finally, two additional subjects are dealt with. The first is, 
whether CBF-asymmetry exists, and if so, whether asymmetry correlates with NBD 
or conditions related to NBD (Chapter DC). The second question refers to 
mechanically ventilated infants and addresses the effect positive end expiratory 
pressure (PEEP) might have on the CBF, and the possible relationship between such 
an effect and NBD or related conditions (Chapter X). 
III.2 Main features of the study 
The main features of the study presented are a prospective design, follow-up 
instead of single observation, and inclusion of co-variates. Entrance criteria were: 
inborn; gestational age < 35 weeks; absence of congenital malformations, infections 
and surgical therapy; and parental consent. The study protocol included a series of 
five neonatal examination sessions distributed over the first five days, each of which 
included a Doppler ultrasound recording of the cerebral blood flow (CBF) and 
recordings of the cardiorespiratory and neurological state. The cardiorespiratory and 
neurological data were dealt with as co-variates and were used to divide the infants 
into four diagnostic categories, i.e.: healthy controls; infants with PVH; infants with 
RDS but no further complications; otherwise impaired infants (Tables Ш.1 and 
Ш.2). 
The series of neonatal examination sessions was flanked by a recording of the 
main antecedents at birth, and a neurological examination at the age of two years. 
The two year's neurological outcome was meant as a wider context for the neonatal 
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study, but has not yet been analyzed in detail. The whole procedure was approved 
by the hospital ethical committee. 
III.3 Design of the neonatal examination sessions 
The sessions took place within 12 hours after birth, on the second half of the first 
day, and on the 2nd, 3rd and 5th day. The goal of each session was a 20 second 
uninterrupted Doppler ultrasound recording of the CBF in both internal carotid 
arteries. Normally, the recordings were made in duplicate. If mechanical ventilation 
took place, a third recording was made during withdrawal of positive end expiratory 
Box III.1 
NEONATAL EXAMINATION SESSION 
Step 1; Ultrasound brain imaging 
Step 2: Combined CBF, behavior and heart rate recordings 
1st recording 
2nd recording 
3rd recording 
4th recording 
Side of CBF recording 
left 
right 
left 
right 
Step 3: PEEP-interruption (if PEEP-ventilation took place) 
5th recording 
6th recording 
left 
right 
Step 4: Doppler recording of main pulmonary blood flow for patent 
ductus arteriosus determination 
Step 5: Further verification of neurological state 
Step 6: Capillary pC02 determination from blood obtained by routine 
heel puncture 
Prerequisites: 
- no apnoea, bradycardia, or clinical signs of seizures, for at least 30 min. 
- stable behavior during measurements 
- completion of the Doppler measurements within 30 minutes 
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pressure (PEEP). As the CBF correlates with a multitude of other variables, the 
examinations took place under conditions as uniform as possible. Variables which 
could not be held constant, were as far as possible recorded and dealt with as co-
variates. The recordings were interrupted if behavior changed and cancelled if the 
procedure took more than 30 minutes. 
III.4 Details on sub-procedures and definitions used 
4.1 Ultrasound brain imaging and periventricular hemorrhage (PVH) 
The apparatus used was a duplex ultrasound system manufactured by Advanced 
Technical Laboratories Ine (Bothell, Washington, USA) consisting of a 5 MHz 
mechanical sector scanner and a pulsed-Doppler velocimeter. The transducer was 
placed on the anterior fontanelle and tilted so that the entire brain was scanned in 
a coronal and sagittal direction. The diagnosis PVH was made on criteria according 
to Volpe [1987a]. 
4.2 CBF recording 
The measurements were aimed at the supraclinoidal course of both internal 
carotid arteries. The apparatus used, was the same as was used for the imaging 
procedure: a duplex ultrasound system with a 5 MHz range-gated Doppler 
velocimeter, whose output is derived from the mean frequency of the Doppler 
spectrum. The arteries were approached through the anterior fontanel. They were 
located by ultrasound imaging. Using a cursor, the Doppler sample volume was then 
placed in the left artery and the apparatus switched to the Doppler mode. The 
sample volume was then displaced along the artery until a Doppler signal of 
maximum frequency and intensity was obtained. At this place a 20 second Doppler 
recording was made. The same procedure was repeated on the right side and again 
for both sides. If PEEP ventilation took place, the whole procedure was repeated a 
third time. The Doppler recordings were analyzed pulse by pulse, with the ECG as 
a time reference. For each pulse the following pulse parameters were calculated: end 
diastolic velocity, mean velocity, peak systolic velocity, pulse width (PW), and 
pulsatility index (PI). Finally, for each pulse parameter the median and interquartile 
range were calculated per epoch of 20 seconds. The medians served as measures of 
end diastolic, mean and peak systolic velocity, PU^and PI; and the interquartile ranges 
as measures of fluctuation of velocity, PW and PI. 
4.3 Behavior 
Behavior was scored by means of two variables i.e. wakefulness (eyes open/closed) 
and restlessness (gross movements or irregular respiration present/absent), or scored 
as irresponsive. 
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4.4 Heart rate 
Heart rate was derived from the ECG which accompanied each Doppler 
ultrasound recording. 
4.5 Doppler recording of main pulmonary blood flow 
For this procedure the same apparatus was used as for the cranial investigations. 
The transducer was placed in a left parasternal position. First the apparatus was used 
in the imaging mode and the transducer tilted to image the curve of the main 
pulmonary artery around the aorta. Then the sample volume was placed in the 
pulmonary artery just beyond the pulmonary valves and the apparatus switched to 
the Doppler mode. Finally, the entire cross section of the blood flow was scanned 
with Doppler ultrasound. Normally this yields a pattern of systolic forward flow, 
but in case of patent ductus arteriosus (PDA) a bidirectional and/or continuous 
backward pattern are found [Daniels et al. 1982; Batton et al. 1992]. 
4.6 Further verification of the neurological state 
The neurological examination took place according to Volpe [1987b] and 
included scoring of behavior, perception, posture, muscle tone, body and limb 
movements, cranial nerves, reflexes and habituation. 
4.7 Capittary pC02 determination 
The capillary p C 0 2 was estimated from blood, taken for routine reasons by heel 
puncture. To avoid interference with the other examinations, the puncture was 
postponed to the end of the examination sessions. 
4.8 RDS 
RDS is a composite of disorders that not only affects alveolar gas exchange, but 
also intra pulmonary pressure, pulmonary- ductal and interatrial blood flow [Evans 
and Iyer 1994], central venous pressure, cardiac output, rate and regularity of 
breathing, and possible side effects of ventilatory therapy. For the diagnosis criteria 
described by Hjalmarson [1981] were used. 
4.9 Two years neurological outcome 
The neurological examination at the age of 2 years included a clinical 
neurological examination and a measurement of the cerebral ventricular width by 
means of 1-dimensional ultrasonography. The neurological data obtained were used 
to divide the infants into three outcome categories, i.e. definitely impaired; possibly 
impaired; and normal. The criterium for definitely impaired was cerebral palsy 
including developmental delay of more than six months. The criteria for possibly 
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impaired were: Strabismus; mild enlargement of the ventricular system (ventriculo-
cranial index 0.35-0.50); and/or developmental delay of less than six months and/or 
abnormal reflexes, postures or muscular tone. 
111.5 Data analysis 
After completion of the neonatal examination series, each infant was classed into 
one of four diagnostic groups (see Table Ш.1), and each infant was assigned a 
number (infant number). CBFV and CBFF were dealt with as study variables and 
PDA, capillary p C 0 2 , postnatal age, behavior, and heart rate, as co-variates. 
The following items were statistically analyzed: 1) the repeatability of Doppler 
ultrasound measurements; 2) correlations between CBFV, CBF-pulsation and CBFF 
and their co-variates; 3) differences between infants with and without neonatal 
complications for CBFV, CBFF and CBFV-asymmetry; and 4) as far as the infants 
were mechanically ventilated, the sensitivity of CBFV and CBFF to brief 
withdrawal of positive end expiratory pressure (PEEP). Repeatability was 
determined according to Bland and Altman [1986], by calculating the coefficient of 
repeatability from all duplicate measurements of all diagnostic groups together. 
Correlations between CBFV and CBFF and their co-variates were tested by means 
of linear regression analysis applied to the healthy controls. The differences between 
the diagnostic groups were tested by linear regression analysis, taking into account 
the co-variates that appeared of importance in the healthy controls. The effect of 
PEEP-interruption was calculated as the difference between a measurement during 
PEEP and a measurement after PEEP-withdrawal. The significance of this difference 
was tested by means of a Wilcoxon signed rank test, applied to one randomly chosen 
examination per infant. Multiple observations per individual was corrected by 
adding infant number to the regression models [Bland and Altman 1995]. P-values 
< 0.05 were considered significant. 
111.6 Subjects 
Study subjects were preterm infants admitted over a period of 8 months to the 
neonatal intensive care unit of the Nijmegen University Hospital. Thirtynine of 
them fulfilled the study requirements. Because each part of the study made its own 
demands, the number of infants and measurements may differ for the respective 
parts. 
The main antecedents of the infants are shown in Table Ш.1. Other 
characteristics of the infants including the two years outcome are shown in Table 
Ш.2. Both tables show the common profile of a neonatal intensive care unit 
population with high rates of complicated pregnancies, low birth weight for 
gestational age, births by cesarean section, fairly good Apgar scores, much RDS, 
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Table 111.1 Antecedents of the infants included ¡n the study 
Diagnostic category 
Feature 
Gestational age (weeks) 
Birth weight (g) 
Weight percentile 
Apgar score after 5 min. 
Males 
Complicated pregnancy 
Born by caesarean section 
Healthy 
(n-13) 
30-35 
800-2030 
2.3-50 
7 - 1 0 
7 
11 
ι 9 
PVH 
(n=8) 
2 6 - 3 4 
880—1900 
2.3-75 
6—10 
4 
7 
1 
RDS without 
PVH (n-14) 
28—32 
815-1900 
5 - 7 5 
4—10 
7 
12 
7 
Otherwise 
impaired 
(n-4) 
2 9 - 3 5 
735—2765 
2.3-50 
8—10 
2 
3 
2 
The values represent ranges or number of infants. 
Table 111.2 Outcome data and some other characteristics 
Healthy 
Feature 
Extreme prematurity1 
Very Low Birth Weight3 
RDS 
Delayed Ductal closure4 
Two years outcome 
-dead 
-definitely impaired 
- possibly impaired 
- normal 
o2 
3 
0 
2 
0 
1 
2 
10 
PVH 
4 
2 
6 
3 
4 
1 
2 
1 
RDS 
without 
PVH 
4 
2 
14 
9 
3 
2 
4 
5 
Otherwise 
impaired 
0 
1 
4 
0 
2 
0 
1 
1 
' gestational age < 30 wks;2 numbers of infants;3 weight < 1000 gms;4 aker the 2nd 
day. 
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delayed closure of the ductus arteriosus and poor outcomes. 
Six infants in the PVH group also had RDS and were considered as a subgroup 
(PVH + RDS). All the infants with RDS underwent positive pressure ventilation 
for at least one day with individually adjusted peak pressure and an end expiratory 
pressure which was uniformly set on 4mBar. Paralyzation was never required, nor 
did pneumothorax occur. Three of the infants with PVH died. Full postmortem 
examination, including brain section in two cases, confirmed the clinical findings. 
RESULTS 
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Abstract 
Accuracy of transfontanellar Doppler ultrasound measurement of blood flow 
velocity and its variability in the supraclinoid segment of the internal carotid artery 
was studied in preterm newborns. Measurements were performed in duplicate, on 
a well defined site, under negligible angle of insonation, and during stable physical 
condition. The measurements included the base value and variability over 20 
seconds, for: diastolic velocity; mean velocity; systolic velocity; pulsatility index; 
diastolic time interval; systolic time interval; heart beat duration. As a measure of 
accuracy the coefficient of repeatability was calculated for each parameter. 
Coefficients several times smaller than the range of measured values, were found for 
most parameters. These parameters and their coefficients include: diastolic velocity 
(base value 3.1 cm/s, variability 1.6 cm/s); mean velocity base value 3.1 cm/s; 
systolic velocity base value 4.5 cm/s; pulsatility index (base value 0.13, variability 
0.08); diastolic time interval base value 25 ms; systolic time interval base value 27 ms; 
heart beat duration base value 27 ms. Thus, Doppler ultrasound enables 
differentiation within the biological range of certain properties of cerebral blood 
flow. 
Key words: Cerebral blood flow velocity, Variability, Preterm newborn, Doppler 
ultrasound, Coefficient of repeatability. 
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Г .1 Introduction 
An increasing number of reports have been published recently concerning the 
specificity of parameters for Doppler velocity/time curves of neonatal cerebral 
blood flow. Due to uncertainty concerning the angle of insonation, most reports 
were initially confined to the pulsatility index of the curve [Bada et al. 1979; Ando 
et al. 1983]. Later, parameters such as mean, diastolic and systolic velocity were also 
reported [Torch et al. 1986; Evans et al. 1988], together with systolic acceleration, 
diastolic deceleration [Gray et al. 1983] and variability of the velocity curve 
[Perlman et al. 1985; Van Bel et al. 1987]. These data were mainly derived from the 
anterior cerebral artery [Perlman and Volpe 1982; Van Bel et al. 1987] and to a lesser 
extent from vessels such as: the internal carotid artery [Winberg et al. 1986; Deeg 
and Rupprecht 1988]; common carotid artery [Wilcox et al. 1983; Ahmann et al. 
1987]; middle cerebral artery [Evans et al. 1988]; basilar artery [Jorch et al. 1986]; 
internal jugular vein (Jorch et al. 1986]; superior sagittal sinus [Cowan and Thoresen 
1985]; and straight sinus [Torch et al. 1986]. For these investigations different 
modalities of ultrasound instruments were used: single continuous wave Doppler 
[Ando et al. 1983; Van Bel et al. 1987]; combined continuous wave/pulsed Doppler 
[Lundell et al. 1986; Winberg et al. 1986]; and pulsed Doppler combined with echo 
imaging (Jorch et al. 1986; Evans et al. 1988]. Examination was usually performed 
transfontanellar and less frequently transcranial [Padayachee et al. 1986] or trans­
cervical [Wilcox et al. 1983; Ahmann et al. 1987]. 
As conflicting results were obtained with respect to specificity for certain 
conditions such as periventricular hemorrhage in preterm infants [Bada et al. 1979; 
Perlman and Volpe 1982], the need was felt for a better insight into the reliability 
of Doppler methodology. A comparison was therefore made with measurements 
using: angiography in adults [Rittgers et al. 1983]; radioactive Xenon in infants 
[Greisen et al. 1984]; microspheres [Hansen et al. 1983] and electromagnetic 
transducers [Lundell et al. 1986] in animals. Results were conflicting and for some 
authors [Kirsch et al. 1985] this was sufficient reason to qualify cerebral blood flow 
Doppler velocimetry as being of limited importance. For several reasons however, 
this negative qualification needs to be reassessed. Firstly, the inaccuracy of methods 
now available for use as a reference is considerable [Rolfe et al. 1983; Kirsch et al. 
1985]. Secondly, with all the methods now in use as reference standards, different 
properties of the cerebral perfusion are measured. Thirdly, cerebral perfusion 
fluctuates considerably, whereas the time scale of each method differs. 
In view of these objections we felt the need for a better insight into the intrinsic 
reliability of cerebrovascular blood flow examination by Doppler ultrasound. We 
therefore investigated the accuracy of measurement of blood flow velocity in the 
supraclinoid segment of the internal carotid artery. The measurements were 
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Table IV.1 Definitions and abbreviations used 
Supraclinoid artery 
PP (Pulse period) 
Flow pulse 
Recording 
Examination 
Vmean (Mean velocity) 
Vsyst (Systolic velocity) 
Tsyst (Systolic time interval) 
Vdiast (Diastolic velocity) 
Tdiast (Diastolic time interval) 
PI (Pulsatility index) 
SVD (Sample volume depth) 
Base value 
Variability 
sd 
Repeatability 
Coefficient of repeatability 
Supraclinoid segment of the internal carotid artery 
Interval between the instants 50 ms before two 
successive QRS-complexes from the ECG 
Velocity/time curve during a pulse period 
Sequence of flow pulses during a 20 s period 
Recording in duplicate 
Time average of a velocity curve 
Maximum of a velocity curve 
Interval between QRS and succeeding instant of 
Vsyst 
Minimum of a velocity curve preceding Tsyst 
Interval between QRS and instant of Vdiast of the 
preceding flow pulse 
Difference between Vsyst and Vdiast divided by 
Vsyst 
Distance between sample volume and transducer 
p50 of the complete ensemble of pulses of a 
recording 
Interquartile range of the pulse ensemble of a 
recording 
Standard deviation 
Difference between recordings of the same 
examination 
2 χ sd of repeatability [Bland and Altman 1986] 
performed in duplicate, on a well defined site, under negligible angle of insonation 
and under strict conditions concerning the physical state of the infant. The 
repeatability was determined for the base values and variability of various Doppler 
velocity/time curve parameters and for sample volume depth. The sample volume 
depth repeatability served as an indicator for the accuracy of examination site 
selection. The parameters chosen to represent the velocity/time curve included: 
systolic velocity; diastolic velocity; mean velocity; systolic time interval; diastolic 
time interval; pulsatility index; and heart beat duration or pulse period. Because the 
cerebral blood flow may vary considerably [Perlman et al. 1985; Van Bel et al. 1987], 
not only the base value of these parameters was determined, but also its variability. 
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The methods and results obtained will now be discussed. For abbreviations and 
definitions of terms used, we refer to Table Г .1. 
IV.2 Patients and methods 
Study patients were 31 preterm newborns admitted over a period of 8 months 
to the neonatal intensive care unit of our hospital. Infants suffering from an 
encephalopathy of non-hemorrhagic or non-hypoxic-ischemic nature were excluded 
from the study. Other exclusion criteria included: congenital malformations; birth 
weight above 2,000 g; and gestational age of more than 35 weeks. Parental consent 
was obtained prior to the first examination in all cases. The study was approved by 
the local committee of ethics. 
Fig IV.1 Three dimensional representation of the tangentially insonated right 
supra-clinoidal artery (after Chranowski) 
Doppler recordings were obtained using an ATL Mk5 duplex ultrasound system, 
consisting of a 5 MHz range gated Doppler velocimeter combined with a real time 
mechanical sector scanner. The left and right supraclinoid arteries were examined 
through the fontanel where they pass the optic chiasm in their course from the base 
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of the skull to their bifurcation (Fig Г .1). Initially a sector scan of the chiasmatic 
cistern was made in a plane just rostral to the clivus and foramen magnum (Fig Г .2). 
The typical trapezoidal form of the cistern, the pulsations of the supraclinoid 
arteries at its lateral borders and the pulsations of the middle cerebral arteries in the 
Sylvian fissures, served as orientation points. As the supraclinoid artery is 
imperfectly visualized using ultrasound, it was necessary to identify it more precisely 
by Doppler scanning its course. The position which produces a Doppler signal of 
maximum frequency and intensity, was chosen as the final recording site. This 
unequivocally defined position presents a negligible angle of insonation and 
complete inclusion of the artery in the sample volume. A decrease of intensity and 
frequency on axial sample volume displacement, is specific for this position. This 
phenomenon is attributable to the curved course which the supraclinoid artery 
normally follows [Chranowski 1971; Harwood-Nash 1974]. As a consequence every 
segment of the artery presents a different angle of insonation as seen from the 
fontanel. Because of the relationship between the angle of insonation and recorded 
velocity, any displacement of the sample volume will cause an apparent change in 
recorded velocity. This, together with an arterial character of recorded flow and an 
appropriate cursor position in the sector scan, is considered specific for the 
supraclinoid artery. Other detectable Doppler signals in the environment of the 
supraclinoid artery originate from the middle and anterior cerebral arteries and 
cavernous sinus. Differentiation of these vessels from the supraclinoid artery is based 
upon the characteristics of the latter as previously described. This differentiation is 
further supported by unfavorable insonation angles of the middle and anterior 
cerebral arteries and a venous flow pattern in the cavernous sinus. In the remaining 
surrounding vessels generally no blood flow is detectable, due either to their small 
diameter or to unfavorable angle of insonation. 
Fig IV.2 Transfontanel lar cranial sector 
scan in a coronal plane through the 
chiasmatic cistern 
The asterisk represents the site of 
insonation in the supraclinoid artery 
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The infants were examined on 5 occasions: 12 hours after birth; between the age 
of 12 and 24 hours; and on the second, third and fifth day after birth. During each 
examination it was attempted to obtain a pair of uninterrupted Doppler recordings 
of 20 seconds duration from each artery. The sequence of examination was such that 
both recordings of one artery were separated from each other by a recording of the 
opposite artery. Before each recording the sample volume was readjusted and its 
final depth (SVD) noted. Recordings were only made during stable behavioral state 
and if crying did not occur. Further requirements were absence of: apnoea; 
bradycardia; and seizures, during at least 30 min. Behavior was classified on clinical 
grounds as: quiet sleep; active sleep; quiet awake; active awake; or irresponsive. 
During the examination the infants lay on their left side. External stimuli were 
limited to: slight pressure of the transducer on the fontanel; intermittent 
noninvasive blood pressure measurement; continuous transcutaneous p 0 2 
measurement; and if required, intravenous feeding; artificial respiration; or turning 
the infant into the prescribed position. Irritable infants were covered. Restraint was 
not used because of its undesirable activating effect. Sound and light stimuli were 
reduced as much as possible. An examination lasted at most 30 min. The total 
ultrasound exposure was limited to 4 min. 
The Doppler mode was used with a pulse repetition frequency of 7.7 kHz. In an 
appropriate flow model we found at this pulse repetition frequency a bandwidth 
dependent aliasing limit of about 3.3 kHz corresponding with a maximum 
unambiguous velocity estimate of 50 cm/s. This is lower than the theoretical Niquist 
limit of 3.8 kHz. Doppler signals from vessel motion were attenuated by means of 
a built in high pass (3 db/oct) filter, with a cut off frequency of 330 Hz 
corresponding to about 5 cm/s. By a slight modification of the instrument the 
instantaneous Doppler frequency estimated as a time interval histogram [Burckhardt 
1981], was available as a continuous analogical signal. This signal was recorded on 
a HP3960 instrumentation recorder together with an ECG acting as a time 
reference. The recorder was used in frequency modulation mode, with a speed of 
15/16 inch/s corresponding to a passband of 0-312 Hz. A voice channel was used for 
comments on the examination circumstances. After filtering with a Krohn-Hite 3322 
filter (LP 40 Hz, 24 db/oct), tape recordings were sampled at a rate of 100 Hz with 
a 12 bit AD-converter and stored on a micro-PDP 11/23 (Digital Equipment Corp). 
These data were then transferred to a DEC PDP 11/44 minicomputer for further 
analysis. 
By means of a QRS-detecting program the recordings were divided into pulse 
periods, defined as the interval between the instants 50 ms before two successive 
QRS-complexes. In this way each recording could be represented as an ensemble of 
pulse periods with the corresponding flow pulses (Fig Г .З). By visual inspection, 
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aberrant flow pulses were detected and excluded. This was only necessary in a few 
cases where QRS-detection failed. If aliasing was obvious (in 6 recordings) the flow 
pulses were corrected according to an in vitro validated method. After median 
filtering over five sample points, from each flow pulse separately, the parameters 
were calculated as defined in Table Г .1 and Fig Г .З. Velocities were calculated 
according to the Doppler formula, assuming an ultrasound propagation velocity of 
15.5 χ 104 cm/s [ 1978] and negligible angle of incidence. 
Fig IV.3 Twenty second Doppler recording from the left supraclinoid artery 
Legends: The recording is represented by its complete ensemble of flow pulses (left 
diagram), the averaged pulse (upper curve right), and the standard deviation curve of the 
ensemble (lower curve right). Time is plotted along the horizontal axis with its length 
corresponding to the maximal pulse period of the ensemble (540 ms). Velocity is plotted 
on the vertical axis. In this instance the Vsyst value of the average pulse is 28 cm/s. Q 
indicates the instant of QRS common to all pulse periods. 
For each parameter the base value and variability was calculated as the median 
and interquartile range of the ensemble respectively. Thereafter, from each pair of 
recordings the mean and repeatability of the base value and variability was 
calculated. According to Bland and Altman [1986] repeatability was plotted against 
mean together with reference lines indicating mean repeatability ± coefficient of 
repeatability (see Figs IV.4 & IV.5). 
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Г .З Results 
The study requirements were completely fulfilled for a total of 218 examinations. 
The examinations were evenly distributed according to age, but not to behavioral 
state. Quiet sleep was predominant (158 examinations) due to selection inherent to 
the study design. The recordings of these examinations each included at least 26 flow 
pulses (mean 45, sd 5). In six recordings aliasing occurred. Figs Г .4 & IV.5 show the 
repeatability and mean of each recording pair, Fig IV.4 for base values and Fig Г .5 
for variability, of each parameter. In these figures the horizontal bubble distribution 
reflects the biological range of measured values, whereas the vertical distribution 
reflects the accuracy of measurement. Table Г .2 summarizes the coefficients of 
repeatability. 
In one examination with velocities close to zero, Tsyst and Tdiast variability was 
found to be artificially high. Hence, in this case variability of all curve parameters 
was left out of consideration. For the remaining examinations, a direct relationship 
between repeatability and magnitude of measured values, or examination site (left 
or right), was not obvious. 
Table IV.2 Coefficient of repeatability of Doppler recording parameters (n = 218) 
Vdiast Vmean Vsyst PI Tdiast Tsyst PP SVD 
cm/s ms mm 
Base value 3.1 3.1 4.5 0.13 25 27 27 0.9 
Variability 1.6 1.1 1.4 0.08 31 26 18 
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Fig IV.4 Repeatability of base values of Doppler recording parameters (n = 218) 
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Legends: For each pair of recordings the repeatability (vertical axis) is plotted against the 
mean value (horizontal axis). Each bubble represents one or more observations. Bubble 
area is proportional to the number of observations. The horizontal lines represent mean 
repeatability ± the coefficient of repeatability. 
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Fig IV.5 Repeatability of variability of Doppler recording parameters (n = 217 !) 
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For further explanation, see legends of fig IV.4. 
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IV.4 Discussion 
In this study the supraclinoid arteries were investigated because of their 
hemodynamic importance and their good accessibility from the fontanel. The 
transfontanellar approach was chosen, because it allows combination of Doppler 
velocimetry with echo imaging. The combination offers a higher accuracy than 
single Doppler with respect to the identification of the vessel of interest and further 
selection of the examination site. This might explain the better repeatability found 
in this study compared to the results of Winberg et al. [1986] who performed a 
similar study using single Doppler. However, it should be stressed that with modern 
duplex instruments, only the pulsations but not the boundaries of arteries can be 
visualized. As a consequence Doppler scanning remains an essential supplement in 
the identification of the supraclinoid artery and selection of the examination site. 
Doppler scanning was largely based on the specific course of the supraclinoid 
artery: an occipito-medial convex curve [Chranowski 1971; Harwood-Nash 1974]. 
The orientation of this curve relative to the fontanel justifies the assumption that 
when a maximum Doppler signal has been found, the ultrasound beam is 
approaching the artery tangentially. As the relationship between the angle of 
insonation and Doppler frequency shift is a cosine function, moderate errors in the 
alignment of the ultrasound beam will have only minimal effect on the Doppler 
signal. Interindividual variation in the course of the supraclinoid artery is quite 
common, but not so large that it precludes identification and tangential insonation 
of the artery. Short term intraindividual variations were considered to be 
insignificant. This is confirmed by the high repeatability of sample volume depth 
(see Table Г .2). 
The risk of contamination of the measurement by blood flow from outside the 
supraclinoid artery was considered to be negligibly small, in view of the scarcity of 
detectable blood flow in the supraclinoid region and the use of pulsed Doppler 
which provides a more circumscribed sample volume than continuous wave 
Doppler. After these considerations concerning the anatomic sources of error, 
potential errors inherent to signal processing and curve analysis will now be 
discussed. 
In view of the sample volume size and supraclinoid arterial diameter, each 
measurement included the total velocity distribution over the arterial cross section. 
As a consequence of the type of signal processing used (based on zero crossing 
technique), the spatial velocity distribution was represented by its estimated average. 
A wide velocity range and low signal to noise ratio may disturb this representation 
[Angelsen and Kristoffersen 1979]. In view of the small calibre and good accessibility 
of the supraclinoid artery through the fontanel, the impact of these sources of error 
will be small. Aliasing being intrinsic to pulsed Doppler is another potential source 
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of error that has to be taken into account. Using zero crossing technique, aliasing 
implies a bandwidth dependent underestimation of high velocities [Angelsen and 
Kristoffersen 1979]. Aliasing occurred in vivo at velocities above circa 40 cm/s, and 
due to different signal to noise conditions, in vitro above circa 50 cm/s. As 
correction of this type of error was rather speculative, in vivo measured values above 
40 cm/s can only be appreciated in relative terms. The prevalence of such high 
velocities, is however rather low and this may be the reason why aliasing was not 
reported earlier by other investigators using the same kind of instrument [Ahmann 
et al. 1987]. Automated curve analysis offers several advantages over manual 
parameter derivation from wave form plots as used by most investigators. It is more 
operator independent and allows analysis on a larger scale. This will increase 
objectivity and accuracy of parameter estimation and make calculation of variability 
feasible. 
Several of the above described sources of error can be eliminated by the use of 
more advanced instruments, but on the other hand it must be realized that as in all 
kinds of biological measurements, variation in physical condition will remain a main 
source of error. Major inconsistencies can be eliminated at the expense (as in this 
study) of a fairly high failure rate. Minor inconsistencies which remain undetected, 
however will inevitably impair the experimental results to some unknown extent. 
As a consequence of this, the repeatability will also reflect actual blood flow 
differences between both parts of a recording pair and will therefore underestimate 
the accuracy of the measurement technique as such. 
The investigated velocity curve parameters will all be affected to some extent by 
the aforementioned sources of error. Pulsatility index is fairly insensitive to 
anatomical inaccuracies. However, its relative repeatability (the ratio between 
repeatability and range of measured values) is not smaller than that of the velocities 
(see Fig IV.4). For this reason, and because PI is aspecific with respect to cerebral 
blood flow [Drayton and Skidmore 1986], we prefer to use velocity as a parameter. 
Since the angle of insonation was kept negligible, this could be done accurately. 
Repeatability of velocity base values turned out to be in the same range as those 
previously found by other workers [Deeg and Rupprecht 1988]. The better 
repeatability of Vdiast over Vsyst was also found by them [Deeg and Rupprecht 
1988]. We speculate that this difference is due to a relatively higher sensitivity of 
Vsyst to changes in physical condition. Previous reports concerning repeatability of 
the other curve parameters and of velocity variability are not known to us. Pulse 
period (PP), although not a velocity curve parameter in the usual sense of the word, 
is mentioned here because it is suitable as a reference for Tdiast and Tsyst. The 
agreement between the repeatabilities of Tsyst, Tdiast and Pulse Period reflects 
accuracy of velocity curve analysis. 
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Usefulness of the investigated Doppler velocity/time curve parameters is not 
only dependent on their repeatability. Just as important is the insight in specificity 
with respect to blood flow properties and range of normal and pathological values. 
An indication of this range can be obtained from the horizontal bubble distribution 
in Figs Г .4 & IV.5. The greater the ratio between this range and the coefficient of 
repeatability, the easier it is to differentiate between the biological differences. This 
ratio can easily be estimated from Figs Г .4 & IV.5, as values of repeatability and 
measured values are indicated on the same scale. As our study material did not 
include the full range of pathology, this ratio may have been underestimated. For 
the present however, we prefer to conclude that for most of the investigated 
parameters, ratios are found that allow differentiation within the biological range 
of certain properties of cerebral blood flow. This is particularly true for diastolic, 
systolic and mean velocity, pulsatility index and systolic time interval, together with 
variability of diastolic velocity and pulsatility index. 
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Abstract 
Objective: This study was meant to obtain insight in the inter- and intra-individual 
range of neonatal cerebral blood flow velocity and the factors which determine this 
range. Methods: The blood flow velocity in the internal carotid artery was followed 
during five days in fourteen healthy, appropriate for date preterm newborns, using 
Doppler ultrasound. Results: It was found that cerebral blood flow velocity varies 
more between than within the infants, and that this is partially attributable to an 
inverse relation between cerebral blood flow velocity and weight-for-gestational-age, 
and a positive relation between cerebral blood flow velocity and postnatal age. The 
relation with postnatal age could be explained in part by closure of the ductus 
arteriosus. The effects of weight-for-gestational-age and patent ductus arteriosus were 
greater for end-diastolic than for peak-systolic velocity. Postnatal age showed an 
opposite effect. Conclusion: Thus, weight-for-gestational-age, postnatal age and 
patent ductus arteriosus contribute to the inter- and intra-individual variation of 
cerebral blood flow velocity. 
Keywords: Cerebral blood flow velocity; Patent ductus arteriosus; Postnatal age; 
Weight-for-gestational-age 
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V.l Introduction 
Since Bada et al. [1979] introduced Doppler ultrasound as a method to investigate 
the neonatal cerebral blood flow (CBF), this application of Doppler ultrasound has 
gained great popularity. The main consequence of this development has been that 
Doppler ultrasound is now an established research tool. The clinical value however, 
is still limited [Bornstein and Norris 1994]. 
A major reason for the limited clinical value of Doppler ultrasound is a 
considerable variation in the results. This variation is attributable to many factors, 
including gestational age [Deeg and Rupprecht 1989; Yoshida et al. 1991]; postnatal 
age [Yoshida et al. 1991; Agata et al. 1994; Cheung et al. 1994]; weight-for-
gestational-age (WGA) [Cheung et al. 1994; Scherjon et al. 1994a]; blood p C 0 2 
[Fenton et al. 1992]; patent ductus arteriosus (PDA) [Saliba et al. 1991; Agata et al. 
1994]; and behavioral state [Ramaekers et al. 1989; Jorch et al. 1990]. The influence 
of these factors is difficult to estimate, not only because of their great number, but 
also because they mutually interact. Examples of this interaction are the relationship 
between WGA and gestational age [Nelligan et al. 1976; Arnold et al. 1991], between 
gestational age and ductal size [Drayton and Skidmore 1987; Evans and Iyer 1995] 
and between ductal closure and postnatal age [Relier et al. 1988; Yu 1993]. Up to 
now this complexity has not been taken fully into account. This was the reason we 
chose to study these factors in conjunction. 
V.2 Patients and methods 
2.1 Patients 
Study patients were 14 preterm infants, six boys and eight girls, born appropriate 
for gestational age, who survived the first five postnatal days without RDS, brain 
damage, or other significant complications. Infants with congenital malformations 
were excluded. Gestational age was 30-35 weeks and birth weight, 800-2030 g. 
Weight-for-gestational-age (WGA) ranged, according to a population-based reference 
[Kloosterman 1970], from the 2.3 to 50th percentile. This is normal for a NICU-
population. The infants received no medication, apart from a standard regime 
including Aminophylline, vitamin E and folic acid. Parental consent was obtained 
in all cases. 
2.2 Study design 
The infants were examined five times, within 12 hours after birth, on the second 
half of the first day, and on the 2nd, 3rd and 5th day. The examinations included, 
combined measurements of right internal carotid CBF-velocity (CBFV) and heart 
rate, scoring on behavior, determination of ductal left to right shunting, neurological 
examination, and a heel puncture for the determination of pC0 2 . Examinations 
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were cancelled if they exceeded 20 minutes. Apnoea and bradycardia within 30 
minutes preceding the examination also led to cancellation. The study protocol was 
approved by the hospital ethical committee. 
2.3 Combined CBFV measurements 
CBFV was measured by Doppler ultrasound. The apparatus used was a duplex 
ultrasound system (manufactured by ATL) with a 5 MHz range-gated Doppler 
velocimeter, whose output is derived from the mean frequency of the Doppler 
spectrum. The carotid artery was insonated through the anterior fontanelle, just 
proximal to the bifurcation. The artery was located on the ultrasound image, then 
scanned with Doppler ultrasound until the blood flow was hit tangentially, and a 
Doppler signal of maximum frequency and intensity was obtained. This 
unequivocally defined position offers insonation with negligible deviation from the 
flow direction, and optimal inclusion of the artery in the sample volume [Mullaart 
et al. 1989]. 
For each measurement, one epoch of 20 seconds, without behavioral state 
transitions or crying, was selected and analyzed, pulse by pulse, with the ECG as a 
time reference. From these ensembles of pulse data medians were calculated for heart 
rate and for the following blood flow parameters: end-diastolic velocity, mean 
velocity, peak-systolic velocity, and the pulsatility index (PI). PI was defined 
according to Pourcelot [1976] as peak-systolic velocity minus end-diastolic velocity, 
divided by peak-systolic velocity. Behavior was scored on two variables; wakefulness 
(eyes open/closed), and restlessness (gross movements or irregular respiration 
present/absent) [Mullaart et al. 1992]. 
PDA was determined by parasternal Doppler ultrasonography of the blood flow 
in the main pulmonary artery. Bidirectional diastolic flow and continuous backward 
flow were considered specific for PDA [Daniels et al. 1982; Batton et al. 1992]. The 
neurological examination took place according to Volpe [1987b]. It included 
assessments of behavior, perception, posture, muscle tone, body and limb 
movements, cranial nerves, reflexes and habituation, and finally ultrasound imaging 
through the anterior fontanelle. 
2.4 Statistics 
The four blood flow parameters were analyzed separately using backward 
stepwise regression with postnatal age, PDA, behavior, heart rate, and capillary 
p C 0 2 as co-variates. To correct for repeated measurements within patients, a 
number assigned to each patient (patient number) was forced into the regression 
models as a categorical variable [Bland and Altman 1995]. Expected collinearity 
between PDA and postnatal age (both are strongly correlated) was investigated by 
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additional analyses excluding PDA or postnatal age. P-values below 0.05 were 
considered significant. Finally, for each patient we calculated a (fictive) CBFV at the 
age of zero hours and present PDA. This was correlated with birth weight, 
gestational age and WGA. 
V.3 Results 
Sixty examinations yielded eligible results. Table V.l gives the raw data. The 
figures show a large variation for all variables; a positive age trend for end-diastolic, 
mean and peak-systolic velocities; and a negative age trend for PI and PDA. Clinical 
evidence of PDA, except an occasional murmur, was never present. Table V.2 gives 
the results of multiple regression using all co-variates. The figures show that only 
patient number, postnatal age and PDA affect CBFV. The sign of the regression 
coefficients shows that CBFV increases with postnatal age and decreases with PDA. 
Exclusion of postnatal age or PDA from the analyses (to avoid collinearity) shows 
that postnatal age affects in particular peak-systolic velocity, and that PDA affects 
in particular PI and end-diastolic velocity, and peak-systolic velocity not at all. For 
the remaining co-variates no significant contribution was found. When patient 
number was also excluded from the model, a weak negative correlation between 
p C 0 2 and CBFV became apparent. Residual analysis revealed no major violation of 
the normal distribution assumption. 
Table V.3 gives the results of Pearson correlation of CBFV converted to the age 
of zero hours and present PDA. The figures show an inverse relationship with 
WGA for end-diastolic, mean and peak-systolic velocity, and a direct relationship 
for PI. 
Table V.3 Relation between the CBFV parameters and neonatal characteristics <n=14) 
Gestational age 
Birth weight 
WGA 
End-
diastolic 
CBFV 
0.03 
-0.24 
-0.55* 
Mean CBFV 
0.02 
-0.19 
-0.50 
Peak-systolic 
CBFV 
0.01 
-0.13 
-0.43 
Pulsatility 
Index 
-0.07 
0.24 
0.57* 
Pearson correlation coefficients for CBFV values converted to the age of zero 
hours and patent ductus arteriosus. CBFV - cerebral blood flow velocity; η = 
number of infants; WGA - weight-for-gestational-age; * p<0.05. 
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V.4 Discussion 
According to the present study CBFV exhibits a relatively large variation. The 
size of this variation lies within the same range as in other studies [Yoshida et al. 
1991; Agata et al. 1994]. A potential source of variation is the angle of insonation 
(between ultrasound and blood flow). However, as coincidence between insonation 
and flow direction was a hallmark of the methodology used, the influence of the 
insonation angle seems small. Patient number proved to be the most important of 
all co-variates taken into account. This co-variate unifies all inter-infant differences. 
Thus, the relatively strong influence found for patient number implies that CBFV 
varies more between than within the infants. 
4.1 The influence of WGA and gestational age 
Earlier studies on the role of WGA refer to small for date infants (WGA's < 2.3) 
[Cheung et al. 1994; Scherjon et al. 1994a], whereas the infants included in our study 
were, although small (WGA < p50), still appropriate for date [Kloosterman 1970]. 
Despite this difference, the same was found, i.e. that a low WGA correlates with a 
high CBFV. This effect of WGA on CBFV is an example of the brain sparing effect 
[Cheung et al. 1994; Scherjon et al. 1994a]. Apparently this effect is not confined to 
pathologically small infants, but also manifest within the physiological range of 
WGA. 
According to our study gestational age does not correlate with CBFV, whereas 
according to other investigators such a relationship still exists [Deeg and Rupprecht 
1989; Yoshida et al. 1991]. This discrepancy might be due to a different distribution 
of PDA and WGA. Both PDA and WGA, correlate with gestational age [Nelligan 
et al. 1976; Drayton and Skidmore 1987; Arnold et al. 1991; Evans and Iyer 1995] 
and CBFV [Saliba et al. 1991; Agata et al. 1994; Cheung et al. 1994; Scherjon et al. 
1994a]. In the studies reporting a relationship between gestational age and CBFV, 
this was not taken into account. 
4.2 CBFV and postnatal age 
The inclusion of patient number in the multiple regression analyses made each 
infant its own control for all other co-variates. Thus, the findings for postnatal age 
represent an intra-infant effect. The positive character of this effect conforms with 
the literature [Deeg and Rupprecht 1989; Winberg et al. 1990; Yoshida et al. 1991]. 
This is not true for all CBFV parameters. Archer et al. [1985] found an increase in 
end-diastolic CBFV, but not in mean and peak-systolic CBFV, whereas Winberg et 
al. [1990] found the reverse. This discrepancy can be explained by the differences in 
susceptibility to PDA we found between the CBFV parameters. Unfortunately, the 
other studies do not provide details on PDA. Another source of confusion might be 
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the site of measurement. In the other studies this was chosen more peripherally, i.e. 
in the anterior cerebral artery, [Archer et al. 1985] or remained unspecified [Winberg 
et al. 1990]. 
Besides an increase, the literature also mentions a CBFV decrease [Meerman et 
al. 1990; Winberg et al. 1990; Ipsiroglu et al. 1993]. This decrease precedes the 
increase and falls outside the time scale used in this study. It is possible that a causal 
relationship exists between the decrease and increase [Connors et al. 1992]. 
4.3 CBFV and PDA 
The method of PDA detection used in this study, merely distinguishes between 
the presence and absence of PDA [Daniels et al. 1982; Batton et al. 1992]. More 
sophisticated methods have been described, but true shunt quantification is not yet 
feasible [Yu 1993]. Consequently the estimation of the hemodynamic significance 
of PDA was based on clinical evidence. In view of the good health of the infants and 
the absence of clinical signs, the hemodynamic significance of the PDA's was 
probably small. 
Just as for postnatal age, the multiple regression findings for PDA represent intra-
infant effects. As there is a strong relation between PDA and postnatal age, inclusion 
of both in the same model would mask their individual relation with CBFV. 
Therefore, additional analyses were performed after exclusion of one of both. This 
made the contribution of PDA more apparent. 
The opposition in the effects of PDA and postnatal age suggests that ductal 
closure largely accounts for the age trend of CBFV, in particular of end-diastolic 
CBFV. This agrees with earlier reports, that PDA reduces CBFV [Mellander and 
Larsson 1988; Agata et al. 1994], that the ductus arteriosus closes in the first days 
after birth [Relier et al. 1988; Yu 1993], that closure increases CBFV [Sonesson et al. 
1986; Saliba et al. 1991], and that the end-diastolic CBFV is the most sensitive in this 
respect [Mellander and Larsson 1988; Agata et al. 1994]. The sensitivity of the end-
diastolic CBFV explains the positive relationship between PDA and PI. PI increases 
when end-diastolic and peak-systolic velocity diverge from each other and exactly 
that happens when PDA reduces end-diastolic CBFV. 
The view that PDA exerts an influence on CBFV has been questioned for both 
full-terms [Batton et al. 1992; Connors et al. 1992] and preterms [Shortland et al. 
1990a; Shimada et al. 1994]. Against this we would argue that full-terms have smaller 
ductal shunts than preterms [Drayton and Skidmore 1987; Evans and Iyer 1995]. 
Perhaps, therefore no PDA-effect was demonstrable. Another argument is that the 
studies conducted in preterms which question the PDA-effect, do also provide 
evidence in support of a PDA-effect [Shortland et al. 1990a; Shimada et al. 1994]. 
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4.4 Other factors 
As ductal closure explains the end-diastolic and mean CBFV age trend only 
partially and the peak-systolic CBFV age trend not at all, other factors must be 
involved. One of these might be cerebral artery constriction. Connors et al. [1992] 
proposed this mechanism on the basis of observations on the PI in the anterior 
cerebral artery. From their observations they hypothesized that the cerebral arteries 
constrict in reaction to the sharp decrease in CBF during the first hours after birth. 
According to observations on adult subarachnoid hemorrhage, cerebral artery 
constriction specifically affects peak-systolic CBFV [Steinmeier et al. 1993]. 
Another possible cause might be the decrease of the haemoglobin level which 
normally occurs after preterm birth [Blanchette and Zipursky 1984; Olivares et al. 
1992]. This decrease might contribute to the positive age trend for CBFV, as there 
exists a negative correlation between haemoglobin and CBFV [Ramaekers et al. 
1992a; Maertzdorf et al. 1993]. As routine haemoglobin measurements were not 
included in the study, the extent of this contribution could not be estimated. It 
might be small because the haemoglobin decrease is still inconsiderable in the first 
days of life [Blanchette and Zipursky 1984]. 
V.5 Conclusions and speculations 
Neonatal CBFV varies predominantly between individuals. This is partly due to 
an inverse relationship between cerebral blood flow velocity and WGA and a 
positive relationship between cerebral blood flow velocity and postnatal age. The 
latter depends in part on ductal closure. The effects of WGA and ductal closure are 
greater for end-diastolic CBFV than for peak-systolic CBFV, whereas the reverse 
applies for the effect of postnatal age. 
We postulate that the brain sparing effect is not specific for severe growth 
retardation, but is active within the physiological range of WGA. Furthermore, we 
speculate that not only ductal closure, but also cerebral artery constriction 
contributes to the CBFV increase with postnatal age. 
CHAPTER VI 
CEREBRAL BLOOD FLOW FLUCTUATION IN LOW-RISK PRETERM 
NEWBORNS 
Reinier A. Mullaart,a Jeroen С. W. Hopman,b Anton F. J. De Haan,c 
Jan J. Rotteveel,3 Otto Daniëlsd and Gerard A.B. Stoelingab 
"Department of Child Neurology, bDepartment of Pediatrics and 
cDepartment of Pediatric Cardiology, University Hospital of Nijmegen 
(Netherlands) 
Published in Early Human Development 1992, vol 30: 41-48 
72 Blood flow fluctuation in low-risk preterms 
Summary 
Cerebral blood flow (CBF) fluctuation was studied by analyzing Doppler internal 
carotid blood velocity recordings of 13 healthy preterm newborns obtained in the 
course of their first five days of life. As measures of fluctuation we used the 
interquartile range (IQR) and the coefficient of variation (CV) of the ensemble of 
heart beats of a 20 sec. recording. In this way we determined fluctuation of the 
following velocity curve parameters (VCP's): end diastolic velocity; mean velocity; 
peak systolic velocity and pulsatility index (PI). The pooled data 5-95% intervals for 
fluctuation thus measured, were: -93—281% for CV; 0.6—3.7cm/s for the IQR of the 
velocities; and \—19% for the PI-IQR. Multiple regression analysis of IQR revealed 
significant relationships with: the VCP level; with restlessness; and with patency of 
the ductus arteriosus. Our findings imply that: 1) CBF has various qualities with 
different stability, mean velocity being the most stable; 2) for all the VCP's 
investigated, fluctuation is physiological in the early days after preterm birth; 3) 
most likely, there exists no age trend; 4) restlessness rather than wakefulness, 
enhances fluctuation; 5) patent ductus arteriosus destabilizes CBF; and 6) for a 
proper insight into fluctuation, the level of the VCP in question must be taken into 
account. We suggest that, the enhancing effect that patent ductus arteriosus has on 
fluctuation, pays a contribution to the pathogenesis of brain damage. Finally, we 
conclude that the IQR represents fluctuation better, than does the more commonly 
used CV. 
Key words: Fluctuation; Cerebral Blood Flow; Preterm Newborn. 
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VI. 1 Introduction 
The notion that cerebral blood flow (CBF) changes continuously, dates back 
over a hundred years [Roy and Sherrington 1890]. Since then much has been learned 
about the dynamics of CBF and its role in the pathogenesis of neonatal brain 
damage. This field of interest received new impetus with the advent of Doppler 
ultrasound. One of the findings was that CBF can fluctuate vigorously. It was 
suggested that these fluctuations contribute to neonatal brain damage and originate 
from respiratory distress [Perlman et al. 1985; Rennie et al. 1987]. 
How much fluctuation is normal, still remains to be established. The same holds 
for the questions whether fluctuation is transitory and which factors are involved 
other than respiratory distress. In order to answer these questions, we measured 
fluctuation of the CBF velocity/time curve in the first five days of life and 
investigated the influence of other physiological variables, including the level of the 
velocity curve; postnatal age; patency of the ductus arteriosus; heart rate; heart rate 
fluctuation; behavior; capillary hypoxanthine content; and capillary pC0 2 . 
VI.2 Patients and Methods 
2.1 Patients 
The present study is part of a broader research project on neonatal CBF, 
approved by the hospital ethical committee. Study patients were preterm newborns, 
admitted over a period of eight months to the neonatal intensive care unit of our 
hospital. Entrance criteria were: parental consent; inborn; gestational age ^35 weeks; 
and absence of congenital malformations. For the present study infants were 
excluded, who died within the first five days, who required mechanical ventilation, 
or developed evidence of brain damage. Thirteen infants fulfilled the study 
requirements. Their antecedents are shown in Table VI. 1. 
Table VI.1 Antecedents of the 13 infants 
Gestational age 30 — 35 weeks 
Birth weight 800 — 2030 g 
Weight percentile 2.3 — 50 
Apgar score 5 min. after birth 7—10 
Males/females 7 
Complicated pregnancies 11 
Births by cesarean section 9 
Ranges, or numbers of infants. 
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2.2 Methods 
The study protocol included five examination sessions, successively scheduled 
within the first 12 and between 12 and 24 hours after birth and on the 2nd, 3rd and 
5th day of life. Each session included: 1) a 20 sec. Doppler CBF velocity (CBFV) 
recording in the right internal carotid artery, together with; 2) an ECG; 3) a full 
neurological examination; 4) an examination of main pulmonary arterial blood flow, 
for evidence of patent ductus arteriosus (PDA) [Daniels et al. 1982]; and 5) a 
hypoxanthine and C 0 2 determination from blood obtained by routine heel 
puncture. Examination took place only, if apnea and bradycardia had been absent 
for at least 30 minutes. Recordings had to be free of behavioral state transitions and 
crying. If no eligible recording could be obtained within 15 minutes, the 
examination was cancelled. 
The Doppler recordings were performed by means of a transfontanellar duplex 
method [Mullaart et al. 1989]. The obtained velocity curves were analyzed pulse by 
pulse with the ECG as a time reference. The following velocity curve parameters 
Table VI.2 Examination conditions (n = 58) 
Heart rate (bpm) 115 — 167 
Heart rate IQR (bpm) 0 — 1 0 
Capillary pC0 2 (kPa) 4.2 - 8.1 
Capillary Hypoxanthine (μπιοΙ/L) 1 — 17 
End Diastolic Velocity level (cm/s) -1.5 — 16.5 
Mean Velocity level (cm/s) 6.5 — 23.4 
Peak Systolic Velocity level (cm/s) 14.2 — 31.1 
Pulsatility Index level (%) 46 — 108 
Age (hours) 3 — 113 
Awake 29% 
Restless 26% 
Patent Ductus Arteriosus 24% 
Vitamin E and folic acid usage 100% 
Aminophylline usage 59% 
Other medication 0% 
5—95% intervals and frequencies; IQR - interquartile range; 
η - number of observations. 
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(VCP's) were derived: end diastolic velocity (EDV); mean velocity (MV); peak 
systolic velocity (PSV); and the pulsatility index (PI= 1-EDV/PSV). For each of these 
VCP's fluctuation was calculated in two ways, ie: as the interquartile range 
(IQR=p75-25) and as the coefficient of variation (CV=sd/m), of the ensemble of 
pulses of a recording. The ensemble median (p50) was calculated as well and served 
as a measure of the level of the VCP's. An example of this terminology can be found 
in Fig VI. 1. In an analogous way, heart rate and heart rate fluctuation were derived 
from the ECG. 
The neurological examination included an assessment of behavior during the 
Doppler recordings and testing of reflexes and cranial ultrasonography, after 
completion of the recordings. Behavior was scored by means of two variables, 
wakefulness and restlessness, each with two levels (eyes open/closed; gross 
movements or irregular respiration present/absent). Infants in whom coma, seizures, 
or an abnormal brain scan were found, were qualified as brain damaged and excluded 
from the study. 
Fig VI. 1 Influence of cerebral blood flow velocity level on IQR and CV 
velocity cm/sec 
40 τ 1 1 1 1- —ι 1 1 1 • г τ 1 Γ 
time (sec) 
L«» l ЮЯ CV L*v«l ЮЯ CV 
Peak systolic velocity 19 ¿cm/sec 12cm/sec 57 . 341 cm/sec 2 3cm/sec 5 7 . 
End diastole velocity 20cm/sec 15cm/sec 687. 13 6cm*ec 20cm/sec 10% 
Pulsatility index 90 7 . 9 7 . 87 . 60 7 . 6 7 . 7 7 . 
Legends: Two Doppler recordings from the supraclinoidal segment of the right internal 
carotid artery of the same infant. The left recording was obtained 2 hours after birth and 
the right one, 94 hours later. The shaded areas indicate the interquartile ranges (IQR) for 
peak systolic velocity (PSV) and end diastolic velocity (EDV). CV = coefficient of 
variation. 
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2.3 Statistics 
Differences between the VCP's were tested by means of analysis of variance 
followed by Scheffé's contrast tests, taking into account patient number and 
postnatal age. Relations with IQR were determined for each VCP separately, with 
the following explanatory variables: patient number; postnatal age; VCP level; heart 
rate; heart rate IQR; wakefulness; restlessness; capillary pC0 2 ; capillary 
hypoxanthine content; medication; and evidence of PDA. Stepwise forward 
selection was applied on a model obtained by backward elimination with patient 
number always included. The final model was checked for normal distribution of 
the residuals. 
VI.3 Results 
Fifty eight out of the 65 examinations performed, were eligible for further study. 
Details on the condition during these examinations are shown in Table VI.2. Two 
examples of fluctuating CBF are given in Fig VI. 1. Both curves fluctuate with a 
frequency of approximately 0.6 Hz and in this respect are representative for the 
complete material. The left curve differs from the right one by lower velocity levels 
and weaker velocity fluctuations. The latter is not apparent when CV instead of 
IQR is used. The PI fluctuations are almost equal in both recordings, regardless of 
the measure chosen. The findings for the complete material are presented in Table 
VI.3. The difference between MV-IQR and the IQR's of EDV and PSV is significant 
(p< 0.001). 
The explanation of IQR by the other variables studied is shown in Table VI.4. 
As might be expected, patient number is the most important. Other variables found 
to be involved, are: restlessness; PDA; and the VCP level (except for MV). The fact, 
that the relationship between PDA and fluctuation was only demonstrable for PSV, 
is attributable to collinearity between PDA, restlessness and the level of the other 
VCP's. If either restlessness or the VCP level were left out of the statistical model, 
then a positive relationship between PDA and fluctuation also became apparent for 
EDV and PI. Postnatal age, heart rate, heart rate IQR, wakefulness, blood 
hypoxanthine content, blood pC0 2 , and Aminophylline medication were non 
contributory. Identical findings were obtained with backward elimination alone. 
Residual analysis revealed no significant violation of the normal distribution 
assumption. 
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Table VI.3 Fluctuation (expressed by two measures) of four Velocity Curve 
Parameters (n = 58) 
End Diastolic Velocity 
Mean Velocity 
Peak Systolic Velocity 
Pulsatility Index 
IQR 
1.0 —3.7cm/s 
0.6 — 2.3 cm/s 
0.9 — 3.3 cm/s 
4 — 19 % 
CV 
-93 — 281 % 
2 - 1 6 % 
4 — 1 0 % 
5 - 1 4 % 
5—95% intervals; IQR - interquartile range; CV - coefficient of variation; 
η - number of observations. 
Table VI.4 Dependence of the IQR's of the four curve Parameters (n = 58) 
R2 for the complete model 
Partial R2 values for: 
Patient number 
Variables specified below 
Regression coefficients for: 
Patent ductus arteriosus 
Restlessness 
Parameter level 
EDV 
0.54 
0.34 
0.20 
ns 
0.6* 
- 0 . 1 * * * 
MV 
0.23 
0.23 
0.00 
ns 
ns 
ns 
PSV 
0.45 
0.24 
0.21 
0.6** 
ns 
0 . 1 * * * 
PI 
0.76 
0.52 
0.24 
ns 
ns 
1 7 * * * 
Findings obtained by stepwise forward selection. The following variables were 
removed from the model by stepwise analysis: postnatal age; heart rate; heart rate 
IQR; wakefulness; capillary pC02; capillary hypoxanthine content; and medication. 
IQR - interquartile range; η - number of observations; EDV - end diastolic 
velocity; MV = mean velocity; PSV - peak systolic velocity; PI - pulsatility index. 
* p<0.05; ** p<0.01; *** p<0.001; ns not significant. 
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VI.4 Discussion 
4.1 General remarks 
Doppler ultrasound does not measure the volume of CBF, but blood velocity in 
the major cerebropetal arteries. However, under most circumstances cerebropetal 
blood velocity and CBF correspond reasonably well with each other [Taylor et al. 
1990]. Hence, our method allows an estimation of changes such as the fluctuations 
studied by us. Recently it has been shown that much slower fluctuations (0.03-0.08 
Hz) are superimposed on the type of fluctuations we have been studying [Anthony 
et al. 1991; Livera et al. 1992]. It has been suggested that these slow fluctuations 
impair the representativeness of short recordings. This however, applies to CBF 
levels, but not to the fast fluctuations found in our study. 
Other researchers measured MV-CV in a similar way to us. Although these 
studies refer to a subdivision of the artery we studied (ie. the anterior branch), their 
findings were similar to ours [Kuban et al. 1988; Perlman et al. 1985; Rennie et al. 
1987]. Until now, fluctuation defined as IQR and the CV's of EDV, PSV and PI 
have not been considered in the literature. 
CV is defined as the ratio of two statistics. The numerator is the standard 
deviation. The latter just as IQR, reflects fluctuation reasonably well. The second 
statistic (the denominator) is the mean which almost equals p50. The latter was 
taken by us as a measure of the level. Thus, CV not only reflects fluctuation, but 
depends as much on the level. This ambivalence underlies the large EDV-CV (Table 
VI.3) and what is more serious, implies that CV is not very specific for fluctuation. 
This aspecificity can be deduced from the CV values referring to Fig VI. 1. Although 
fluctuation is weaker in the left than in the right curve, this does not appear from 
the CV values, EDV-CV even suggesting the contrary. For this reason we prefer the 
IQR over the CV and further confined our investigations to this measure. 
4.2 Relationship between IQR and behavior 
Behavior is generally scored according to the following criteria: eyes open/closed; 
irregular respiration yes/no; gross movements yes/no; vocalizations yes/no [Prechtl 
1974]. We excluded vocalizations (ie. crying) but further used the same criteria. We 
however, did not combine them into four states (1-4), but kept them apart as two 
variables: restlessness and wakefulness. The reason therefore is that, according to 
earlier studies, slow fluctuations correspond less with state numbering than with 
restlessness [Ramaekers et al. 1989] or wakefulness [Greisen et al. 1985]. This is in 
full agreement with Prechtl's earlier statement, 'that the different states cannot be 
considered as levels or bands in a sleep/waking or arousal continuum, but are 
distinct conditions each having its specific properties and reflecting a particular 
mode of nervous function' [Prechtl 1974]. Our findings imply that restlessness 
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affects CBF stability more than does wakefulness and this is in accordance with the 
findings of Ramaekers et al [1989] referred to before. 
4.3 Relationship between IQR and level 
This relationship found for 3 of the 4 VCP's is attributable to various factors, 
both physiological and technical. Most likely, the wall filter included in our Doppler 
apparatus is responsible for the negative relationship found for EDV. Due to this 
filter, velocities under 5 cm/s are strongly attenuated, diminishing the accuracy of 
the instantaneous mean frequency (i.e. velocity) estimate. This source of error 
applies to EDV only and not to PSV. The positive relationship found for PSV might 
be linked to the cerebrovascular resistance. Assuming a constant source 
characteristic, an increasing resistance will both lower the CBF level and CBF 
fluctuation. The positive relationship found for PI (also visible in Fig VI. 1) might 
be a consequence of the definition of PI. According to this definition (PI=1-
EDV/PSV), an increase in velocity will both, lower and stabilize PI, provided the 
increase of PSV is not out of proportion. This last provision holds in general, as can 
be inferred from the literature on age trends of CBFV levels [Fenton et al. 1990b; 
Yoshidaetal. 1991]. 
4.4 Relationship between IQR and postnatal age 
According to the literature, there exists a negative age trend for MV-CV [Rennie 
et al. 1987]. As mentioned previously, CV is not very specific for fluctuation, due 
to its dependence on the level. The CBFV level increases considerably in the first 
days after birth [Fenton et al. 1990b; Yoshida et al. 1991]. This increase lowers 
CBFV-CV, even though fluctuation remains unchanged in absolute terms (see Fig 
VI. 1). This might explain the paradox that others found an age trend for CBFV 
fluctuation whereas we did not. 
4.5 Relationship between IQR and Ductus Arteriosus 
The literature indicates that CBF varies with respiration [Rennie et al. 1987] and 
is decreased by a ductal left to right shunt [Wright et al. 1988]. Perhaps, both 
phenomena are interrelated. Ductal shunting varies with respiration and in this way, 
PDA exposes CBF to intra pulmonary pressure variations. We suggest that this 
connection underlies our finding of a positive relationship between PDA and 
fluctuation. That such a relationship was not found for MV, implies that PDA 
predominantly affects the shape of the velocity curve, rather than the volume of 
CBF. This probably is a consequence of the relatively healthy state of the infants, 
implying relatively small ductal shunts. 
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VI.5 Conclusion 
CBF has various qualities which fluctuate differently. The interquartile range 
represents these fluctuations better, than does the more generally cited coefficient 
of variation. For all the VCP's investigated, fluctuation is physiological in the early 
days after preterm birth. Most likely, there exists no age trend and probably, there 
exists no relationship with wakefulness, either. Ductal shunting and restlessness have 
an enhancing effect on CBF fluctuation. The VCP levels have an influence as well. 
We suggest that, the enhancing effect that patent ductus arteriosus has on 
fluctuation, pays a contribution to the pathogenesis of brain damage. 
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Abstract 
The present study addresses the hypotheses that cerebral ischemia and/or excessive 
cerebral blood pulsation contribute to periventricular hemorrhage in the preterm 
newborn with respiratory distress; and that the pulse width is a valuable tool to 
estimate the contribution of cerebral blood pulsation. These hypotheses were tested 
by following preterm newborns at risk for respiratory distress and periventricular 
hemorrhage. We monitored for cerebral blood flow velocity, cerebral pulse width 
and cerebral pulsatility index; for patent ductus arteriosus, capillary pC0 2 , heart rate 
and behavior; and for the occurrence of respiratory distress and periventricular 
hemorrhage. The data obtained were analyzed using linear regression with the mode 
of respiration (spontaneous or supported) and postnatal age, as additional co-variates. 
It was found: 1) that respiratory distress, either uncomplicated or complicated by 
periventricular hemorrhage, correlates with a low cerebral blood flow velocity and 
a high cerebral pulsatility index; 2) that periventricular hemorrhage correlates also 
with a high cerebral pulse width; 3) that the increased pulse width precedes the onset 
of the hemorrhage; and 4) that these cerebral blood flow alterations can be partly 
attributed to ductal shunting and are ameliorated by mechanical ventilation. 
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VILI Introduction 
Despite great progress in neonatal care, preterm newborns still frequently (and 
perhaps increasingly) incur brain damage [Kuban and Levitón 1994]. This is clearly 
a consequence of increasing rates of preterm birth and survival, but also illustrates 
a failure of specific preventive measures and a lack of insight in the pathogenesis. 
The picture is particularly obscure for one of the two most prominent types of brain 
damage in preterms, periventricular hemorrhage (PVH). The introduction of 
Doppler ultrasound as a tool to investigate the cerebral blood flow (CBF) [Bada et 
al. 1979], was expected to elucidate this matter. Seventeen years later, this optimism 
can be seen to have been premature. Instead, the literature continues to present a 
multitude of views and a number of negative studies [Shortland et al. 1990b; 
Scherjon et al. 1994b; Rennie et al. 1995]. 
Initially, Doppler ultrasound studies concentrated on the cerebral pulsatility 
index (PI), a measure which is considered specific for the impedance of the 
cerebrovascular system. It was found that the PI is high in PVH and was 
hypothesized to reflect post-hemorrhagic vasospasm [Bada et al. 1979; Mires et al. 
1994]. Nowadays the PI has proved to be an ambiguous measure [Drayton and 
Skidmore 1986]. The ambiguity is a consequence of the definition of PI, as a ratio 
between two variables [Pourcelot 1976]. The first variable is the width of the 
velocity curve or pulse width (PW), calculated as the difference between peak 
systolic and end diastolic velocity. The second variable is the upper extreme of the 
velocity curve, that is peak systolic velocity. This definition makes it impossible to 
decide whether the high PI in PVH is due to a systolic velocity decrease or a PW 
increase. The situation is further complicated by reports of low PI values in PVH 
[Bada et al. 1979; Van Bel et al. 1987]. 
Therefore, attention shifted toward other blood flow parameters like cerebral 
blood flow velocity (CBFV) and CBF fluctuation. One of the disturbances thus 
highlighted was hyperaemia. Hyperaemia attracted extra attention because of a 
connection between hypertension and PVH, first observed in animals [Goddard et 
al. 1980b] and later in human preterms [Gronlund et al. 1994]. A high CBFV, which 
would confirm this connection, has been described only sporadically [Van Bel et al. 
1987]. Another disturbance that has been highlighted is excessive CBF fluctuation. 
This disturbance may contribute to the development of PVH [Perlman et al. 1985], 
but this possibility has been disputed [Kuban et al. 1988; Miall-Allen et al. 1989]. 
In the literature on Doppler ultrasound, ischemia has received relatively little 
attention as another possible contributor to PVH. This is striking, because a large 
body of clinical, epidemiological and experimental evidence suggests that ischemia 
is involved in the pathogenesis of PVH. First, hypotension has been identified as a 
risk factor of PVH [Watkins et al. 1989; Perlman et al. 1996]. Second, PVH and its 
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ischemic counterpart, i.e. periventricular leukomalacia, have much in common. This 
is true of most of their risk factors [Tzogalis et al. 1989] and their predilection site. 
In adults the risk factors for cerebral hemorrhage and ischemia are also largely the 
same [Jorgensen et al. 1995]. Third, animal experiments have shown that cerebral 
hemorrhage can be provoked by ischemia, either alone [de Courten Myers et al. 
1992], or in combination with reperfusion [Goddard Finegold et al. 1982]. Fourth, 
ischemic cerebral lesions can undergo hemorrhagic transformation, as has been 
observed in adults [Moulin et al. 1994], and as has been hypothesized for preterms 
as well [Volpe 1992]. 
A final argument for a contribution of ischemia in the pathogenesis of PVH is 
that the respiratory distress syndrome (RDS), known as a major risk factor for PVH 
[Wallin et al. 1990], predisposes to cerebral ischemia. This predisposition can be 
attributed to two constituents of RDS, i.e. patent ductus arteriosus (PDA) [Daniels 
et al. 1981; Yu 1993] and mechanical ventilation. PDA is known to correlate with: 
1) hypotension [Yu 1993; Evans and Moorcraft 1992]; 2) CBF disturbances, 
including increase of PI [Shimada et al. 1994] and fluctuation [Mullaart et al. 1992] 
and decrease of CBFV [Agata et al. 1994]; and 3) an increased risk of ischemic brain 
damage [Shortland et al. 1990a]. All these effects can be attributed to stealing of 
blood from the aorta and brain respectively. Mechanical ventilation is relevant 
because overventilation decreases CBF(V) [Fenton et al. 1990a] and may cause 
ischemic brain damage [Graziani et al. 1992; Fujimoto et al. 1994]. So far, only one 
study has compared infants with and without RDS [Winberg et al. 1990]. The 
authors reported no differences, but they did not take PDA, behavior or p C 0 2 into 
account. 
Bearing these factors in mind, we hypothesized that RDS, due to accompanying 
PDA and possibly also due to its treatment with mechanical ventilation, leads to 
cerebral ischemia and consequently, by hemorrhagic transformation, to PVH. We 
were also interested in CBF pulsation, because its role might have been 
underestimated, and because the PW may offer a better estimate of CBF pulsation 
than the more popular PI. These questions were investigated by following the CBFV 
and PW by means of Doppler ultrasound in newborns at risk for PVH. 
VII.2 Patients and Methods 
2.1 Patients 
Thirty-five preterm newborns admitted over a period of 8 months to the 
neonatal intensive care unit of the Nijmegen University Hospital were studied. 
Exclusion criteria were: outborn; gestational age >35 weeks; and congenital 
malformations. Parental consent was obtained in all cases. The main characteristics 
of the infants are listed in Table П.1. 
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Healthy (n = 13) 
30 — 35 
800 — 2030 
2.3 — 50 
7 — 1 0 
7 
11 
9 
Uncomplicated 
RDS(n = 14) 
28 — 32** 
815 — 1900 
5 — 75* 
4 — 10** 
7 
12 
7 
PVH (n-8) 
26 — 34* 
880 — 1900 
2.3 — 75 
6 - 1 0 
4 
7 
1* 
Table V I M Clinical characteristics according to diagnosis 
Gestational Age (weeks) 
Birth Weight (g) 
Weight Percentile 
Apgar Score (5 min.) 
Males 
Complicated Pregnancy 
Born by cesarean section 
The values represent ranges or numbers of infants, η » number of infants; 
*p<0.05; **p<0.01 (compared to the healthy controls). 
2.2 Study design 
The infants were examined five times: within 12 hours after birth, on the second 
half of the first day, and on the 2nd, 3rd and 5th day. The examinations included: 
combined recordings of right internal carotid CBF and heart rate; scoring on 
behavior, neurological condition, and PDA; and a heel puncture for routine blood 
p C 0 2 determination. Examinations were cancelled if they exceeded 20 minutes. 
Seizures, apnoea and bradycardia within 30 minutes preceding the examination also 
led to cancellation. 
At the end of the study (five days after birth) the infants were divided into three 
diagnostic groups (infants with PVH; infants with RDS but no further compli­
cations; and healthy controls) and one subgroup (infants with PVH plus RDS). 
Death in the course of the study led to exclusion from the study, except for the PVH 
group. The study protocol was approved by the hospital ethical committee. 
Carotid CBF was recorded by Doppler ultrasound. The apparatus used was a 
duplex ultrasound system manufactured by Advanced Technology Laboratories Ine 
(Bothell, Washington, USA) with a 5 MHz range-gated Doppler velocimeter, whose 
output is derived from the mean frequency of the Doppler spectrum [Mullaart et al. 
1989]. The carotid artery was insonated through the anterior fontanel, just proximal 
to the bifurcation. The artery was located by means of ultrasound imaging, and then 
scanned with Doppler ultrasound until the blood flow was hit tangentially, and a 
Doppler signal of maximum frequency and intensity was obtained. This 
unequivocally defined position offers a negligible deviation from the flow direction, 
and optimal inclusion of the artery in the sample volume. 
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For each measurement, one epoch of 20 seconds, without behavioral state 
transitions or crying, was selected and analyzed pulse by pulse, with the ECG as a 
time reference. From these ensembles of pulse data, medians were calculated for 
heart rate and for the following blood flow parameters: end diastolic velocity; mean 
velocity; peak systolic velocity; PW; and PI [Mullaart et al. 1989]. PW was defined 
as peak systolic minus end diastolic velocity, and PI as PW divided by peak systolic 
velocity [Pourcelot 1976]. 
PDA was determined by Doppler ultrasonography of the blood flow in the main 
pulmonary artery, from a parasternal position. Bidirectional diastolic flow and 
continuous backward flow were considered specific for PDA [Daniels et al. 1982]. 
The neurological examination was carried out according to Volpe [1987b] and 
included behavior, perception, posture, muscle tone, body and limb movements, 
cranial nerves, reflexes, habituation, and an ultrasound brain scan through the 
anterior fontanel. Behavior was scored on two variables, i.e. wakefulness (eyes 
open/closed) and restlessness (gross movements or irregular respiration 
present/absent). The diagnosis PVH was made on brain scan criteria according to 
Volpe [1987a], and the diagnosis RDS on clinical criteria according to Hjalmarson 
[1981]. Criteria for a complicated pregnancy were taken to be, fetal growth 
retardation, antenatal blood loss, fetal distress requiring emergency cesarean section, 
prolonged rupture of membranes, pre-eclampsia, and the administration of beta 
sympathicomimetics to stop premature contractions. 
2.3 Statistics 
Differences between the diagnostic categories have been tested in various ways. 
For variables with one value per infant we used Fisher's exact test, or where 
appropriate Kruskal-Wallis one way ANOVA. This applies to the antecedents 
presented in Table П.1. 
For the repeatedly measured cerebral blood flow parameters we used a different 
approach. This is because 'the variability of measurements made on different 
subjects is usually much greater than the variability between measurements on the 
same subject, and both kinds of variability must be taken into account' [Bland and 
Altman 1994]. This has been solved by stepwise linear regression of the difference 
between two diagnostic categories, with for each subject a number (infant number) 
forced as an extra co-variate into the regression model. This procedure corrects for 
different numbers of observations per subject, and also prevents an invalid increase 
in the number of degrees of freedom and the spurious production of significant 
differences [Bland and Altman 1994]. The choice of co-variates was made on the 
basis of a preliminary stepwise regression analysis within the healthy controls. P-
values < 0.05 were considered significant. 
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VII.3 Results 
Thirteen of the infants remained healthy, fourteen developed uncomplicated 
RDS, and eight developed PVH. Six infants in the PVH group also had RDS. Table 
VILI shows that the infants with PVH and/or RDS differed from the healthy 
controls for a number of antecedents. These differences were not apparent in 
comparisons with infants with PVH and infants with uncomplicated RDS (p 
>0.05). 
All the infants with RDS underwent positive pressure ventilation for at least one 
day with an end expiratory pressure of 4mBar and individually adjusted peak 
pressure. Paralyzation was never required, and pneumothorax did not occur. Three 
of the infants with PVH died. Full postmortem examination, including brain section 
in two cases, was confirmatory of the clinical findings. None of the surviving infants 
developed PVH after completion of the study. 
One hundred and forty-two measurements were eligible for analysis. Forty five 
of the measurements in uncomplicated RDS were obtained during and 13 after 
mechanical ventilation. Eleven of the measurements in PVH were obtained before 
the hemorrhage and 15 thereafter. 
Table П.2 gives the distribution of the measurements over the diagnostic groups 
and the accompanying raw figures for CBFV, PW, PI, and co-variates. The figures 
show a number of differences for RDS and/or PVH relative to the healthy controls. 
One of the differences is a low CBFV, most pronounced for end diastolic, least 
pronounced for peak systolic, and intermediate for mean CBFV. The differences 
further include a high PI, capillary p C 0 2 and incidence of PDA. The figures also 
show differences for PVH with RDS relative to uncomplicated RDS, of which the 
most obvious is a high PW. The results of further statistical analysis of these 
differences are shown in the Tables VII.3-7. As preliminary stepwise regression 
analysis within the healthy controls showed that heart rate and behavior were non-
contributory, these co-variates have been omitted from further analysis. 
3.1 CBFV and CBF pulsation in RDS and the influence of respiration 
Table VII.3 gives the estimates of the differences between uncomplicated RDS 
and the healthy controls. The figures show negative differences for CBFV (almost 
the same for end diastolic, mean and peak systolic CBFV), a positive difference for 
PI, and insignificant values for PW. The negative sign belonging to CBFV implies 
that CBFV is lower in uncomplicated RDS than in healthy controls. The positive 
sign of PI indicates the reverse. 
The first line of the table gives the raw differences, corrected only for repeated 
measurements per infant. The second line gives the difference after correction for 
PDA. Comparison with the first line shows that this correction reduces the 
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differences between RDS and healthy controls. This implies that part of the CBFV 
decrease and PI increase is attributable to unequal distribution of PDA. Thus, for 
example, 1.8 cm/s of the decrease of mean CBFV can be attributed to PDA. The 
third line gives the differences after correction for age. Comparison with the first 
line shows that this has little influence. The fourth line gives the estimates after 
correction for p C 0 2 . Comparison with the first line shows that this correction 
enlarges the difference between RDS and healthy controls. This implies that part of 
the difference is hidden by unequal distribution of p C 0 2 . The fifth line gives the 
estimates after correction for all three co-variates together (and of course for 
multiple measurements per infant). This reflects the differences that would exist if 
uncomplicated RDS and the healthy controls were equal for all co-variates. 
Table VII.4 shows the influence of the mode of respiration. The figures show 
that the decrease of CBFV and increase of PI are less pronounced during than 
without mechanical ventilation. 
3.2 CBFV and CBF pulsation before and after PVH 
Table П.5 compares PVH with the healthy controls. The differences are 
negative for CBFV and positive for PW and PI. The differences for CBFV are the 
greatest for end diastolic, insignificant for peak systolic, and intermediate for mean 
CBFV. The differences between the successive lines are almost the same as those for 
uncomplicated RDS versus healthy controls. Roughly, the figures imply that PVH 
correlates with low end diastolic and mean CBFV and high PI and PW, that this 
correlation is largely attributable to PDA and partly hidden by unequal distribution 
of p C 0 2 , that again the role of age is small, and that PVH barely correlates with 
peak systolic CBFV. 
Table П.6 gives the differences between PVH and RDS. The figures are insigni­
ficant, except for peak systolic CBFV and PW. For peak systolic CBFV and PW a 
positive difference was found. This implies that both are higher in PVH than in un­
complicated RDS. Differences between the subsequent Unes are barely per-ceptible. 
This implies that correction with the co-variates has little effect and thus the diffe­
rences between RDS and PVH are independent of the co-variates taken into account. 
Table П.7 compares the differences between PVH with RDS and 
uncomplicated RDS before and after the hemorrhage. The figures are almost the 
same as in Table П.6 and imply that peak systolic CBFV and PW are increased, 
both before and after the hemorrhage. Comparison between the lines shows that the 
differences are larger after the hemorrhage. 
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VII.4 Discussion 
The present study shows that RDS, either uncomplicated or complicated by 
PVH, correlates with a low CBFV and a high PI, and that if PVH occurs, it also 
correlates with a high PW. It also shows that these correlations can be partly 
explained by ductal shunting and diminish during mechanical ventilation. 
The correlation found between RDS and low CBFV and high PI contrasts with 
the negative findings of Winberg et al [1990]. This contrast might be due to 
differences in PDA, p C 0 2 , behavior, or the technology employed. The study cited 
only specified the technology employed. 
Although CBFV is not equivalent to CBF, it is likely that the low CBFV found 
in RDS reflects ischemia. Our main reasons for believing this, are the involvement 
of PDA in the CBFV decrease attributable to RDS (Table VII.3), and the fact that 
PDA is able to steal blood from the brain [Agata et al. 1994]. 
The high PI values found in RDS are in complete agreement with our data on 
PDA and the literature on PDA. According to our data and the literature, PDA is 
a common constituent of RDS [Daniels et al. 1981; Yu 1993], and furthermore, it is 
well known that PI increases in case of PDA [Shimada et al. 1994]. The meaning of 
the high PI, in particular its impact on the brain, is less clear. Excessive blood flow 
pulsation (which might be a threat for the fragile cerebral blood vessels) cannot be 
invoked. The normal PW values in cases of uncomplicated RDS argue against this 
possibility. 
As the differences between uncomplicated RDS and the healthy controls are not 
exclusively attributable to PDA (Table П.З), other factors must be involved. None 
of the recorded constituents of RDS (hypercarbia and mechanical ventilation) can 
be invoked. According to the literature hypercarbia will increase CBFV [Fenton et 
al. 1992] instead of decreasing it, as found by us. In the present study mechanical 
ventilation appeared to ameliorate the CBFV decrease in RDS (Table VII.4). 
Perhaps, this effect can be attributed to inhibition of ductal shunting by increased 
intrapulmonary pressure [Björkhem et al. 1977]. In previous studies such an effect 
was not found [Vergesslich et al. 1989; Mirro et al. 1987]. The disparity between 
previous findings and ours may arise from differences in PDA. The studies cited did 
not give details in this respect. 
When PVH and uncomplicated RDS were compared, PVH was found to 
correlate with a high PW and a high peak systolic CBFV (Table П.6), both before 
and after the hemorrhage (Table П.7). This suggests that a high PW and/or a high 
peak systolic CBFV are decisive for the development of PVH. As a high peak 
systolic CBFV was also found in the healthy controls, it seems likely that the high 
PW is decisive for the development of PVH. A high PW implies a water hammer 
pulse and this might be deleterious for a brain which is already vulnerable due to 
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ischemia as in RDS. 
Concerning the source of the increase of PW in PVH, two factors deserve 
consideration, i.e. size of PDA and vasospasm. As for PDA, it is known that its size 
determines its impact. This applies for both the effects on the CBF [Shimada et al. 
1994; Agata et al. 1994], as for the risk of PVH [Szymonowicz and Yu 1987]. 
Likewise the increase of PW might be explained by the presence of larger shunts in 
RDS complicated by PVH than in uncomplicated RDS. This explanation is 
supported by the results of this study, i.e. that a substantial part of the PW increase 
in PVH can, like many other differences, be attributed to PDA (Table VII.5). 
Furthermore, our data show that PDA is more common in PVH. However, definite 
proof of the decisive significance of the size of the PDA is still lacking. We would 
have to measure the size of the shunt, and this is clinically hardly feasible with 
today's tools. 
According to the literature vasospasm increases CBFV and has a particular large 
effect on peak systolic CBFV and may thus increase PW. This has been described in 
cerebral hemorrhage [Steinmeier et al. 1993] and might also develop in pre-
hemorrhagic ischemic brain damage as in RDS. As neither the size of the shunt 
across PDA nor the diameter of the cerebral arteries were measured in this study, 
we cannot draw any definite conclusion on this subject. 
Because the rate of cesarean section in the infants with PVH was low (Table 
П. 1) and because this pattern was also evident in other studies [Anderson et al. 
1992; Ment et al. 1992], the method of delivery deserves consideration as a factor in 
the CBF alterations found in infants with PVH. However, definite conclusions 
cannot be drawn. The few studies on the effects of the delivery on CBF [Agata et al. 
1995; Maesel et al. 1996] are not consistent with our data, and an alternative 
mechanism by which vaginal delivery might cause the CBF alterations found in 
PVH, are not known. 
In conclusion, our data show that: 1) RDS, either uncomplicated or complicated 
by PVH, correlates with a low CBFV and a high PI; 2) that the infants with PVH 
and/or RDS differ from the infants with uncomplicated RDS by having a high PW; 
3) that this difference exists before the onset of the hemorrhage; and 4) that part of 
the CBF changes in RDS and/or PVH can be attributed to PDA, and are 
ameliorated by mechanical ventilation. Therefore, we propose that: 1) RDS causes 
cerebral ischemia as a consequence of shunting across PDA; 2) that this effect of 
RDS is ameliorated by mechanical ventilation; 3) that the ischemia can undergo 
hemorrhagic transformation to PVH; 4) that this transformation might be initiated 
by excessive CBF pulsation; 5) that the increase of CBF pulsation is due to a large 
size of the ductal shunt; and 6) that PW is a better measure than the PI to investigate 
the role of pulsation. 
CHAPTER Vili 
CEREBRAL BLOOD FLOW FLUCTUATION IN NEONATAL 
RESPIRATORY DISTRESS 
AND PERIVENTRICULAR HAEMORRHAGE 
Reinier A. Mullaart3, Jeroen C.W. Hopman3, Jan J. Rotteveel3, Otto 
Daniels3, 
Gerard B.A. Stoelinga3, and Anton F.J. De Haanb 
"Paediatric Division and bDepartment of Medical Statistics, 
University Hospital Nijmegen, Nijmegen, Netherlands 
Published in Early Human Development 1994, vol 37: 179-185 
96 Blood flow fluctuation in RDS and PVH 
Summary 
The relationship of cerebral blood flow fluctuation (CBFF) with periventricular 
haemorrhage (PVH) and respiratory distress syndrome (RDS) was studied in 35 
preterm newborns. CBFF was defined as the interquartile range in the ensemble of 
pulses of a 20 sec lasting Doppler recording of CBF velocity (CBFV) in the internal 
carotid artery. We found a statistically significant increase of end diastolic CBFF in 
PVH and RDS. This increase was related to the mode of respiration (spontaneous 
or mechanically supported), the state of the ductus arteriosus, and the level of end 
diastolic CBFV. Differences before and after the onset of PVH were not found. In 
view of this we conclude that RDS increases CBFF, that this increase is related to 
pleural pressure fluctuations, that these can be damped by mechanical ventilation, 
and that their propagation to the CBF is promoted by patency of the ductus 
arteriosus and foramen ovale. Whether the CBFF-increase causes PVH, or is merely 
an expression of coincident RDS, remains a question that needs further 
investigation. 
Key words: cerebral blood flow fluctuation; respiratory distress syndrome; 
mechanical ventilation; ductus arteriosus; periventricular haemorrhage 
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VIII. 1 Introduction 
In preterm infants there exists a strong association between periventricular 
haemorrhage (PVH) and respiratory distress syndrome (RDS). Possibly, this 
association is causal, with cerebral blood flow fluctuation (CBFF) as the common 
denominator. Perlman and co-workers put this idea forward from studies on 
mechanically ventilated neonates with RDS in which they measured the coefficient 
of variation of the mean velocity (MV-CV) in the anterior cerebral artery. Their 
main findings were that MC-CV is high in infants who develop PVH and that 
muscle paralysation leads to a lower MV-CV and less PVH [Perlman et al. 1983; 
Perlman et al. 1985]. On the basis thereof it was hypothesized that breathing against 
the respirator causes excessive pleural pressure fluctuation, that this fluctuation is 
propagated to the systemic circulation and CBF, and that this eventually causes 
PVH. Other studies confirmed this view [Perlman and Thach 1988; Rennie et al. 
1987]. Still other studies provided conflicting evidence regarding the protective effect 
of muscle paralysation [Levene and Quinn 1992], regarding the specificity of MV-
CV [Mullaart et al. 1992] and regarding the relationship between PVH and MV-CV 
[Kuban et al. 1988] and between PVH and blood pressure fluctuation [Miall-Allen 
et al. 1989]. This confusion, together with indications that CBFF is subject to 
various confounders [Mullaart et al. 1992], were the main reasons for the present 
study. 
VIII.2 Study design 
2.1 Patients 
Study patients were 35 newborns (18 boys and 17 girls) born without congenital 
malformations at 26-35 weeks gestation, with weights of 800-2030 grams. Parental 
consent was obtained in all cases. The infants were classified into three categories: 
with PVH (n-8); with RDS but no further complications (n=14); and healthy 
controls (n-13). Of the PVH patients, six had RDS and three died. None of the 
RDS patients required paralysation or developed pneumothorax. 
2.2 Methods 
The present study is part of a larger research project which includes 
measurements of CBFV and CBFF in the right internal carotid artery combined 
with a neurological and cardio-pulmonary examination. The measurements were 
scheduled within the first 12 hours, between 12 and 24 hours after birth and on the 
2nd, 3rd and 5th day of life. Measurement took place only, if seizures, apnoea and 
bradycardia had been absent for at least 30 minutes. The measurements had to last 
20 seconds without behavioral state transitions and crying. If no eligible 
measurement could be obtained within 15 minutes, the procedure was canceled. 
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The carotid artery was sampled in its supraclinoidal part, by means of 
transfontanellar echo guided ultrasound Doppler. The Doppler recordings were 
analyzed pulse by pulse with the ECG as time reference [Mullaart et al. 1989]. In the 
thus obtained ensembles of pulse data the interquartile range (IQR=p75-25) and 
median (p50) were calculated for the end diastolic, mean and peak systolic velocity. 
The IQR served as a measure of CBFF and the p50, as a measure of CBFV. 
The cardiopulmonary examination included a Doppler recording of the blood 
velocity in the main pulmonary artery, for evidence of left-to-right shunting across 
the ductus arteriosus (PDA) [Daniels et al. 1982]. RDS was defined according to 
Hjalmarson [1981] and implied mechanical ventilation for at least one day. 
Ventilation was administered through a nasotracheal tube by a time cycled pressure 
limited ventilator (type Babylog-1, Drager, Germany) with a PEEP fixed on 4 mBar. 
The neurological examination took place according to Volpe [1987b] and 
included records of behaviour, perception, posture, muscle tone, body and limb 
movements, cranial nerves, reflexes and habituation and also included a 
transfontanellar ultrasound brain scan. For reasons discussed previously [Mullaart 
et al. 1992], behavior was scored by means of two variables, each with two levels, i.e. 
wakefulness (eyes open/closed) and restlessness (gross movements or irregular 
respiration present/absent). 
The diagnosis PVH was made from the brain scan on criteria according to Volpe 
[1987a]. In all instances follow-up imaging and postmortem examination, confirmed 
the initial diagnosis. The complete procedure was approved by the hospital ethical 
committee. 
2.3 Data analysis 
Only p-values <0.05 were considered significant. The relationship between 
CBFF and outcome was analyzed for each velocity curve parameter separately, by 
fitting a linear regression model with different sets of co-variates, including: 
restlessness; the state of the ductus arteriosus; and the level of the velocity curve 
parameter in question. A to each infant assigned number (patient number) was 
always included, to deal with repeated measurements per infant. The other co-
variates were included, since according to earlier work, they are related to CBFF 
[Mullaart et al. 1992]. As such a relationship was not found for postnatal age 
[Mullaart et al. 1992], this factor was left out of consideration. Medication was left 
out of consideration, because of its heterogeneity (Table Ш.1). 
VIII.3 Results 
One hundred and forty two measurements were eligible for further investigation; 
i.e. 58 in the healthy controls, and 58 in the RDS and 26 in the PVH patients. The 
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Table VIII.1 Condition during the measurements according to outcome 
PVH RDS without PVH Healthy 
(n-26) (n-58) (n-58) 
End Diastolic CBFV (cm/s) -2.7—13.9 -2.1—14.1 -1.5—16.5 
Mean CBFV (cm/s) 2.7—24.0 3.8—20.8 6.5—23.4 
Peak Systolic CBFV (cm/s) 12.3—37.0 10.5—31.1 14.2—31.1 
Restlessness (present/absent) 7/19 7/51 15/43 
Ductus Arteriosus (patent/closed) 14/12 32/26 14/44 
Medication (yes/no) 
- Vitamin E and folic acid 26/0 58/0 58/0 
-Aminophylline 5/21 12/46 32/26 
- Indomethacin 1/25 8/50 0/58 
-Dopamine 3/23 2/56 0/58 
-Barbiturates 7/19 0/58 0/58 
-Tolazoline 3/23 0/58 0/58 
90%-intervals, and ratios, η - number of observations; CBFV - cerebral blood 
flow velocity; PVH = periventricular haemorrhage. 
condition during the measurements is shown in Table ІП.1. Noteworthy is the 
relatively low PDA incidence in the healthy controls. Clinical symptoms due to 
PDA developed in none of them. Reasons for missing measurements were: death (10 
measurements in 3 infants) and unstable behavior or crying (23 measurements in 15 
infants). 
Table Ш.2 shows the magnitude of CBFF in the three infant groups. The values 
recorded suggest that end diastolic CBFF is increased in RDS and PVH. This is 
confirmed by the contents of Table Ш.З. The values recorded represent the 
differences with healthy controls as found in multiple regression with different sets 
of co-variates. Each line of the table corresponds to a set of co-variates and the 
differences with the first line equal the contribution of the co-variates apart from 
patient number. It appears that end diastolic CBFV fluctuates significantly stronger 
in both patient groups. This is accentuated by taking restlessness as co-variate and 
is weakened by taking PDA, the end diastolic CBFV level, or RDS. Thus, 
restlessness masks the difference between the patients and controls, whereas the 
other co-variates contribute to it; the greatest contribution coming from PDA. The 
largest difference with the controls applies to RDS during spontaneous respiration. 
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Table VI11.2 
Cerebral Blood Flow Fluctuation [CBFF (in cm/s)] according to outcome 
End Diastolic CBFF 
Mean CBFF 
Peak Systolic CBFF 
PVH (n-2 6) 
1.8 — 4.6 
0 . 7 - 2 . 6 
1.2 — 3.5 
RDS without 
PVH(n = 58) 
1 .5-4.6 
0 . 6 - 2 . 2 
0.9 — 2.8 
Healthy ( n - 58) 
1 . 0 - 3 . 7 
0.6 — 2.3 
0.9 — 3.3 
90% intervals. PVH = periventricular haemorrhage; η - number of 
observations. 
Table VIII.3 Differences relative to healthy controls (n = 58) of End Diastolic 
Cerebral Blood Flow Fluctuation (cm/s ± SE) 
After correction for 
Patient number (Pnr) only 
Pnr + Restlessness 
Pnr + end diastolic CBFV level 
Pnr + Patent ductus arteriosus 
All co-variates 
All co-variates + RDS 
in 8 PVH 
patients 
(n-26) 
0.5±0.2* 
0.7±0.2** 
0.4±0.2 
0.2 ±0.2 
0.3 ±0.2 
0.1±0.2# 
in 14 RDS patients without 
PVH 
during 
spontaneous 
respiration 
(n-13) 
0.9±0.3*** 
1.0±0.2*** 
0.6 ±0.3* 
0.6±0.3* 
0.5±0.2* 
during 
mechanical 
ventilation 
(n-45) 
0.5±0.2** 
0.6±0.2** 
0.2 ±0.2 
0.2 ±0.2 
0.2 ±0.2 
Calculated by fitting linear models with different sets of co-variates. # Relative 
to all infants without PVH (n= 116). CBFV = cerebral blood flow velocity; PVH 
= periventricular haemorrhage; η - number of observations; * ρ < 0.05; * * 
ρΚθ.01; * * *p<0.001. 
A significant part of this remains unexplained. The difference between the infants 
with and without PVH is almost completely explained when RDS is added as a co-
variate. Significant differences between measurements before and after the onset of 
PVH were not found. 
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VIII.4 Discussion 
As a measure of fluctuation we used the IQR instead of the more current CV, 
and as the site of measurement, the internal carotid artery instead of the anterior 
cerebral artery. The reasons for this are, the greater specificity of IQR for 
fluctuation [Mullaart et al. 1992], the importance of the internal carotid artery, and 
the fact that this artery can be more selectively insonated. 
4.1 Relationship between PVH and CBFF 
The left column of Table Ш.З suggests that this relationship exists, but the 
fourth and last lines of this column imply that this is almost completely explained 
by PDA and RDS. This is in agreement with the findings of Kuban et al. [1988]. 
This together with the absence of a clear difference between measurements before 
and after the onset of PVH makes it questionable whether the relationship between 
PVH and CBFF is causal. This question might be further elucidated by studying 
whether RDS treatment with surfactant affects CBFF and the occurrence of PVH. 
Reasons for this speculation are the relationship between RDS and CBFF, as found 
in this study and the reports of others that surfactant affects CBFV [Van Bel et al. 
1992] and PVH [Long et al. 1991]. 
4.2 Relationship between RDS and CBFF 
Previous studies only provided indirect evidence on this relationship, since they 
were confined to ventilated patients [Perlman et al. 1983; Perlman et al. 1985; Rennie 
et al. 1987] and hence do not allow to differentiate between the effects of RDS and 
its therapy. We tried to elucidate this by keeping the unventilated measurements of 
the RDS patients within our study. In view of the difference between these and the 
ventilated measurements (Table Ш.З), we conclude that RDS itself rather than 
mechanical ventilation, enhances CBFF. 
4.3 Involvement of PDA 
Our finding that PDA contributes to the relationship between RDS and end 
diastolic CBFF, is in accordance with earlier reports that PDA is a major constituent 
of RDS [Skinner et al. 1992] and enhances CBFF [Mullaart et al. 1992]. Also relevant 
in this context is, that PDA affects end diastolic CBFV in particular [Mellander and 
Larsson 1988]. In view of this we postulate that PDA transmits pleural pressure 
fluctuations to the brain and that this is especially pronounced in RDS, due to 
stronger pleural pressure fluctuations and a greater ductal shunt. 
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4.4 Other factors involved in CBFF 
Our finding that a significant part of the difference between the spontaneous 
breathing RDS patients and the controls is not explained by the co-variates chosen, 
implies that other factors must be involved in the effect of RDS on CBFF. In this 
context, increased fluctuation of the left ventricular output deserves consideration. 
This increase, known as pulsus paradoxus, results from increased pleural pressure 
fluctuation due to dyspnea [Wise et al. 1981]. There exists evidence that this 
phenomenon is further accentuated by two other constituents of neonatal RDS, i.e. 
patency of the foramen ovale and left ventricular overloading. A foraminal shunt 
varies with respiration [Cotton 1992; Stahlman et al. 1972] and this increases left 
ventricular preload fluctuation. Left ventricular overloading is caused by the 
combination of ductal left-to-right shunting and foraminal shunting in the opposite 
direction [Mellander and Larsson 1988; Cotton 1992] and this will increase the 
susceptibility of the left ventricle for the pleural pressure and preload fluctuations 
just described. 
Our finding that CBFF is also related to the level of CBFV, is most likely a 
consequence of the fact that PDA reduces CBFV [Mellander and Larsson 1988]. The 
design of our study did not enable us to decide, if this reduction contributes to the 
observed increase in CBFF, or whether both phenomena are independently caused 
by PDA. An influence of medication cannot be ruled out. As far as we know, this 
has not yet been studied. 
4.5 Role of mechanical ventilation 
There exists evidence that intermittent positive pressure ventilation, in particular 
when applied with PEEP, ameliorates RDS including ductal and foraminal shunting. 
Clinically this can be recognized by a more regular respiration, less inspiratory 
effort and less expiratory grunting [Cotton 1992]. This stabilizing effect possibly 
underlies our finding, that the RDS patients exhibit smaller fluctuations during 
assisted than during spontaneous ventilation. Apparently, the adverse effect of the 
ventilator administered pressure waves, is not as considerable as was supposed. 
Possibly, a low lung compliance, which is intrinsic to RDS [Cotton 1992], restricts 
the penetration of the pressure waves. In fact, the publications emphasizing the 
adverse effect of the pressure waves, already implied that this can be prevented, i.e. 
by avoiding asynchrony between patient and ventilator [Perlman et al. 1985; Rennie 
et al. 1987]. In our patients this was pursued by readjustment of the ventilator, as our 
findings suggest, with satisfactory results. The other approach, i.e. muscle 
paralysation, seems not as beneficial as supposed [Levene and Quinn 1992] and was 
not applied in our patients. 
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VIII.5 Conclusion 
Our findings indicate that end diastolic CBFF is increased in PVH and RDS and 
that this increase is influenced by the mode of respiration (spontaneous or 
mechanically supported), the state of the ductus arteriosus, and the level of end 
diastolic CBFV. In view of this we conclude that RDS increases CBFF, that this 
increase is related to pleural pressure fluctuations, that these can be damped by 
mechanical ventilation, and that their propagation to the CBF is promoted by 
patency of the ductus arteriosus and foramen ovale. Whether the CBFF-increase 
causes PVH, or is merely an expression of coincident RDS, might be elucidated by 
studying the effect of RDS treatment with surfactant on CBFF and PVH. 
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Abstract 
The purpose of this study was to decide whether the preference of periventricular 
hemorrhage (PVH) for the left hemisphere is due to asymmetry of the cerebral 
blood flow (CBF) and if so, whether this asymmetry is due to patent ductus 
arteriosus (PDA). Thirty three preterm newborns at risk for PVH were followed 
during their first five days after birth. Internal carotid CBF-velocity (CBFV) and the 
flow direction in the common pulmonary artery, both determined by means of 
ultrasound Doppler, served as measures of CBF and PDA respectively. The 
difference between right and left CBFV was analyzed statistically, with outcome, 
PDA, capillary pC0 2 , behavior, heart rate, and the average of right and left CBFV, 
as co-variates. Infants who developed PVH (n = 7) exhibited CBFV-asymmetry to the 
disadvantage of the left side. This was partially attributable to PDA. Without PVH 
there was no significant CBFV-asymmetry. As all hemorrhages were bilateral, a 
relationship with the side of the hemorrhage could not be explored. In conclusion, 
asymmetry of CBFV is not normal, but is associated with PVH and PDA. 
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IX. 1 Introduction 
With the advent of Doppler ultrasound many have tried to identify the 
contribution of the cerebral blood flow (CBF) in the pathogenesis of periventricular 
hemorrhage (PVH) in preterm newborns. However, the results were disappointing 
[Perlman and Volpe 1982; Scherjon et al. 1994b; Shortland et al. 1990b]. Also when 
the outcome of PVH was taken as a criterion, the findings were inconsistent 
[Scherjon et al. 1994b]. This might be due to the heterogeneous etiology of PVH 
[Volpe 1989; Levitón et al. 1988] and its diverse outcome [Cooke 1987; Van de Bor 
et al. 1993]. 
Instead we directed our attention towards lateralization of CBF, just as was done 
almost two centuries ago for morbid anatomy [Cazauveilh 1827]. This approach is 
based on the notion that the brain is lateralized in virtually every respect, including 
a preference towards the left hemisphere for PVH [Guzzetta et al. 1986], neonatal 
stroke [Coker et al. 1988; Perlman et al. 1994] and cerebral palsy [Uvebrant 1988]. 
Perhaps this preference is a consequence of asymmetric CBF due to PDA. PDA if 
persistent after birth, steals blood from the brain [Agata et al. 1994; Sonesson et al. 
1986; Mellander and Larsson 1988; Saliba et al. 1991] and as the ductus arteriosus is 
closer to the left than to the right carotid artery, the stealing might occur in an 
asymmetric way, to the disadvantage of the left side. 
IX.2 Patients and methods 
2.1 Patients 
Study patients were thirty three preterm newborns admitted over a period of 
eight months to the neonatal intensive care unit of Nijmegen University Hospital. 
Exclusion criteria were: outborn; gestational age >35 weeks; congenital malfor-
mations, infections and surgery. Parental consent was obtained in all cases. 
The infants were classified into three outcome groups, including: healthy 
controls (n-13); uncomplicated RDS (n= 13); and PVH (n = 7). Five infants of the 
PVH group suffered also RDS and were considered as a subgroup (PVH plus RDS). 
Two of the infants with PVH died. Full autopsy including brain section, confirmed 
the clinical findings. All PVH's were bilateral. Unilateral neurological signs were not 
found. None of the infants required muscular paralysis or developed pneumothorax. 
The main antecedents of the infants are shown in Table DC.l. 
2.2 Study design 
The infants were examined five times, successively within 12 hours after birth, 
on the second half of the first day, and on the 2nd, 3rd and 5th day. During the 
examination the infants lay in the left lateral position. This position was chosen as 
it is most comfortable and of no influence on cerebral blood flow velocity (CBFV) 
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[Coker et al. 1988; Winberg et al. 1986; Shuto et al. 1987]. Each examination 
included a series of measurements of the internal carotid CBFV alternately on the 
left and right side, together with measurements of heart rate and behavior. The 
examinations were concluded with a determination of ductal left to right shunting; 
a neurological examination, including ultrasound brain imaging; and a C 0 2 
determination in blood obtained by routine heel puncture. The whole procedure 
took place only if apnoea and bradycardia had been absent for at least 30 minutes 
and was cancelled if it exceeded 20 minutes. On the fifth day the infants were 
divided into three outcome groups: with PVH; with RDS but no further 
complications; and healthy controls. The study protocol was approved by the 
hospital ethical committee. 
Table IX.1 Main antecedents of the four outcome groups 
PVH 
Gestational age (weeks) 
Birth weight (g) 
Weight percentile 
Apgar score after 5 min. 
Males 
Complicated pregnancy 
Born by cesarean section 
Healthy 
(n = 13) 
30—35 
800—2030 
2.3-50 
8—10 
8 
11 
9 
Uncompli-
cated RDS 
(n = 13) 
28—32 
815—1900 
5-75 
4—10 
6 
12 
7 
All PVH 
(n-7) 
26 -34 
880-1900 
2.3-75 
6 -10 
4 
6 
1 
PVH plus 
RDS(n-5) 
26—29 
985—1400 
10—75 
6—9 
3 
4 
1 
Ranges and numbers of infants. RDS » Respiratory Distress Syndrome; PVH 
- Peri Ventricular Hemorrhage. 
2.3 Combined CBFV measurements 
CBFV was measured by means of ultrasound Doppler [Mullaart et al. 1989]. The 
apparatus used was a duplex ultrasound system (manufactured by ATL) consisting 
of a 5 MHz range gated Doppler velocimeter combined with a real time mechanical 
sector scanner. The carotid arteries were transfontanellary insonated, just proximal 
to their bifurcation. This place was located by means of ultrasound imaging followed 
by scanning with ultrasound Doppler. The position which produced a Doppler 
signal of maximum frequency and intensity, was taken as the site of measurement. 
This unequivocally defined position presents a negligible angle of insonation and 
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optimal inclusion of the artery in the sample volume. 
Per examination two measurements of 20 seconds, one on each side, with equal 
behavioral state and without behavioral state transitions or crying, were selected and 
analyzed. The analysis took place, pulse by pulse with the ECG as a time reference. 
Out of the thus obtained ensembles of pulses, the medians for end diastolic- mean-
and peak systolic-velocity were calculated. Behavior was scored by means of two 
variables i.e. wakefulness (eyes open/closed) and restlessness (gross movements or 
irregular respiration present/absent), or scored as irresponsiveness. 
Ductal shunting was determined by means of a Doppler recording of the blood 
flow in the main pulmonary artery [Daniels et al. 1982]. C 0 2 was measured 
potentiometrically. The neurological examination took place according to Volpe 
[1987b] and concerned: behavior; perception; posture; muscle tone; body and limb 
movements; cranial nerves; reflexes; and habituation. The diagnosis PVH was made 
by means of ultrasound brain imaging on criteria according to Volpe [1987a]. In all 
instances follow-up imaging and postmortem examination, confirmed the initial 
diagnosis. 
2.4 Statistics 
Asymmetry was defined as the difference of the right minus the left side. The 
data of the healthy infants (46 measurements in 13 infants) were used to establish 
which co-variates are related to blood flow asymmetry. The method used was 
stepwise multiple regression with as co-variates: infant level (to correct for multiple 
measurements per infant); PDA; capillary p C 0 2 ; heart rate; behavior; postnatal age; 
and the average of right and left CBFV. 
The outcome groups were compared in pairs, using a linear model with as co-
variates: outcome and infant level, nested within group. To determine the influence 
of PDA, the procedure was repeated with PDA as an extra co-variate. The estimates 
of the asymmetry per group and the differences between the groups were made 
within these models, using the model parameter estimates. The level of significance 
was 0.05. Because of the explorative nature of the study, no corrections were made 
for multiple testing. 
IX.3 Results 
One hundred and fifteen pairs of measurements were eligible for further analysis. 
Multiple regression analysis within the healthy group showed no significant 
relationship between CBFV-asymmetry and the co-variates. In all the outcome 
groups, except the RDS group, the raw data (Table ΓΧ.2) showed a considerable 
difference between both sides for all blood flow parameters. The positive sign 
implies that the CBFV is higher at the right side (or lower at the left side). For the 
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co-variates, the groups were quite similar, except excess PDA in the three 
pathological groups. Multiple regression analysis (Table IX.3) showed that the 
asymmetry is only significant in the PVH group and that the asymmetry in that 
group is partially attributable to PDA. The same results were obtained before and 
after the hemorrhage. 
Table IX.2 Asymmetry (right minus left, cm/s+sd) in the four outcome groups 
End diastolic CBFV (EDV) 
Mean CBFV (MV) 
Peak systolic CBFV (PSV) 
Healthy 
(n-46) 
0.8±3.5 
1.3 ±4.2 
2.1 ±5.5 
Uncompli­
cated RDS 
(n-50) 
-0.3 ±2.4 
-0.3 ±3.1 
-0.3 ±4.4 
All PVH 
(n-19) 
1.6±2.6 
2.2±3.1 
3.8 ±6.4 
PVH plus 
RDS 
(n-15) 
1.9±2.8 
2.8±3.0 
5.2 ±6.2 
η - number of observations; RDS = Respiratory Distress Syndrome; 
PVH = Peri Ventricular Hemorrhage; CBFV = cerebral blood flow velocity. 
IX.4 Discussion 
Our findings indicate that there exists an association between PVH and CBFV-
asymmetry, which is partially attributable to PDA. Previous studies on this subject 
are scarce. Possibly, this is a consequence of the preference of most investigators for 
the anterior cerebral arteries. Due to their close adherence, these are hardly 
distinguishable from each other, using ultrasound Doppler. 
In none of the previous studies asymmetry was found. The majority of these 
studies referred to healthy neonates [Coker et al. 1988; Winberg et al. 1986; Shuto 
et al. 1987] and only one to neonates with PVH [Seibert et al. 1989]. The latter is 
difficult to compare with our study, due to the marginal attention paid to 
asymmetry and PVH. Comparison is further complicated by the fact that the study 
in question referred to a different CBFV-parameter, i.e. the pulsatility index and to 
a different site of measurement, i.e. the anterior cerebral artery. 
It is unlikely that the asymmetry found is due to the position in which the 
neonates were examined. Winberg et al have previously investigated this and 
established that body and head position have no effect on CBFV [Winberg et al. 
1986]. If such an effect exists, we would also have found asymmetry without PVH. 
This was not the case. 
The association between PDA and CBFV-asymmetry we attribute to asymmetric 
ductal stealing from the carotid arteries, due to a difference in distance towards the 
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-0.6±0.6 
0.7±0.6 
-1.3 ±0.9 
-1.4 + 1.0 
-0.5 ±1.0 
1.2 ±0.8 
-1.6+ 1.2 
-1.8±1.4 
Table IX.3 
Differences between the outcome groups and estimates per outcome group, 
for cerebral blood flow velocity asymmetry (right minus left (cm/s + SE)) 
Blood flow parameter 
End diastolic Mean Peak systolic 
velocity velocity velocity 
Uncomplicated RDS versus healthy outcome 
Estimate for uncomplicated RDS -0.9±0.5 
Estimate for healthy outcome 0.4 ±0.5 
Difference -1.3 ±0.7 
Difference after correction for PDA -1.4±0.8 
PVH versus healthy outcome 
Estimate for PVH 2.0±0.8* 2.8±0.9** 4.6±1.4** 
Estimate for healthy outcome 0.4±0.5 0.7±0.6 1.2±0.8 
Difference 1.6±1.0 2.1 ±1.1 3.5 ±1.6* 
Difference after correction for PDA 1.0±1.1 1.5±1.2 2.6±1.9 
PVH + RDS versus healthy outcome 
Estimate for PVH + RDS 2.3±1.0* 3.8±1.1** 6.5±1.6*** 
Estimate for healthy outcome 0.4±0.5 0.7±0.6 1.2±0.8 
Difference 2.0±1.1 3.1 ±1.2* 5.4±1.8** 
Difference after correction for PDA 1.3±1.3 2.4±1.4 4.4±2.1* 
PVH + RDS versus uncomplicated RDS 
Estimate for PVH + RDS 2.3±0.9* 3.8±1.1** 6.5±1.7*** 
Estimate for uncomplicated RDS -0.9±0.5 -0.6±0.6 -0.5±1.0 
Difference 3.2±1.0** 4.4±1.2** 7.0±2.0** 
Difference after correction for PDA 3.5±1.0** 4.7±1.2*** 7.2±2.0** 
Figures obtained by means of multiple regression; PDA - patent ductus 
arteriosus; PVH - Peri Ventricular Hemorrhage; 
* p<0.05; * * p<0.01; ** pKO.OOh 
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ductus arteriosus. Up to now, this aspect of PDA remained out of consideration. 
That there exists any effect of PDA on the CBF at all, has been questioned recently. 
This has been put forward from observations on both full-terms [Batton et al. 1992; 
Connors et al. 1992] and preterms [Shortland et al. 1990a; Shimada et al. 1994]. 
Against this we argue that full-terms have fairly small ductal shunts [Drayton and 
Skidmore 1987]. Perhaps, therefore no PDA-effect was demonstrable in the studies 
on full-terms. As for the preterms, the studies questioning the PDA-effect actually 
provide evidence that confirms it. The latter applies to the finding that PDA on the 
third day of life reduces EDV in the anterior cerebral artery [Shortland et al. 1990a], 
that closure of a large shunt raises MV in the same artery, and that there are 
significant differences between large and small shunts [Shimada et al. 1994]. Many 
other studies [Agata et al. 1994; Mellander and Larsson 1988] including observations 
on surgical closure of the ductus arteriosus [Sonesson et al. 1986; Saliba et al. 1991], 
indicate that PDA steals blood from the brain. 
In view of the fairly small magnitude of the asymmetry compared to the 
physiological range of CBFV [Scherjon et al. 1994b; Shortland et al. 1990b; Agata 
et al. 1994; Winberg et al. 1986; Mullaart et al. 1989; Seibert et al. 1989; Batton et al. 
1992; Shimada et al. 1994; Cheung et al. 1994] it cannot be definitely decided 
whether the asymmetry represents a left sided decrease or a right sided increase. 
However, the relationship found with PDA makes a left sided decrease likely. This 
explanation together with our finding of a relationship between the asymmetry and 
PVH, implies that cerebral hypoperfusion may contribute to the pathogenesis of 
PVH. This view is supported by earlier reports that hypotension predisposes to 
PVH [Watkins et al. 1989; Puccio et al. 1994]. 
IX.5 Conclusions and speculations 
Asymmetric cerebral blood flow is not normal and is associated with PVH and 
PDA. In view of this we suggest that ductal shunting and the ensuing cerebral 
hypoperfusion contribute to the pathogenesis of PVH. Probably, the size of the 
ductal shunt is decisive for the contribution of PDA. A quantitative method of PDA 
detection is therefore preferable over the currently used qualitative methods. 
Perhaps CBFV asymmetry is a more sensitive parameter for the effect of ductal 
stealing than CBFV in general. To decide whether CBFV asymmetry predisposes to 
left sided PVH, a larger scaled study is required. 
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Summary 
The effect of interruption of positive end expiratory pressure (PEEP) on cerebral 
blood flow velocity (CBFV) and CBF fluctuation (CBFF) in the internal carotid 
arteries and on heart rate, restlessness and wakefulness has been studied in 17 
mechanically ventilated neonates with RDS. A decrease in CBFV was found, but no 
significant change in CBFF. Multiple regression analysis showed that the decrease 
in CBFV is less pronounced if the PEEP interruption is accompanied by restlessness. 
It further appeared that the decrease in CBFV is more pronounced if CBFV is high, 
the ductus arteriosus is patent, or RDS follows a complicated course. These findings 
indicate that PEEP supports CBF, probably by a decrease of ductal stealing from the 
brain. Therewith PEEP protects against cerebral hypoperfusion which is one of the 
major risks in RDS and immaturity. Furthermore, our findings suggest that the 
decrease in CBF during PEEP interruption is moderated by restlessness and 
accentuated by brain damage. 
Key words: positive end expiratory pressure; cerebral blood flow; respiratory distress 
syndrome; patent ductus arteriosus 
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X.l Introduction 
Positive end expiratory pressure (PEEP) is a common treatment modality for the 
neonatal respiratory distress syndrome (RDS). Since RDS is often complicated by 
periventricular haemorrhage (PVH) [Levitón et al. 1989] it is important to know to 
what extent PEEP influences the brain. In the present study this question is 
restricted to the effect of PEEP on the cerebral blood flow (CBF) which is 
considered to be a key factor in the pathogenesis of PVH [Volpe 1989]. 
Shortland et al have shown that PEEP increases CBF velocity (CBFV) in the 
anterior cerebral artery and postulated that PaC0 2 mediates this increase [Shortland 
et al. 1989]. Others however, reported that PEEP hardly affects PaC0 2 [Greenough 
et al. 1992; Yu and Rolfe 1977]. Thus, other mechanisms have to be considered. 
Another question is whether PEEP affects CBF fluctuation (CBFF). This 
question which to our knowledge has not yet been investigated, is relevant in view 
of earlier reports that CBFF is related to mechanical ventilation [Perlman et al. 1983; 
Rennie et al. 1987] and PVH [Perlman et al. 1985]. This question and the uncertainty 
regarding the mechanism underlying the effect of PEEP on CBFV, were the motive 
for the present study. 
X.2 Patients and methods 
2.1 Patients 
Study patients were 17 preterm newborns who developed RDS and required 
assisted ventilation with PEEP. Infants with congenital malformations were 
excluded. Gestational age was ¿35 weeks. Parental consent was obtained in all cases. 
Eight infants developed severe complications: five PVH (two of them died); two 
seizures; and one died for unexplained reasons. In nine infants the RDS followed an 
uncomplicated course. The antecedents of the infants are shown in Table X.l. None 
of them required paralysation or developed pneumothorax. 
2.2 Study design 
The present study is part of a larger research project and included measurements 
of CBFV and CBFF in the supraclinoidal part of the internal carotid arteries in the 
first 5 days of life by means of Doppler ultrasound. In mechanically ventilated 
infants, presented in this paper, additional measurements were made during which 
PEEP was lowered from four to zero mbar, during a period of maximally five 
minutes. The difference (Δ) of the PEEP-less measurements minus the PEEP- or 
baseline measurements served as a measure of the effect of PEEP-interruption. This 
difference was calculated for six blood flow parameters (including end diastolic, 
mean and peak systolic CBFV and CBFF) and for heart rate and behaviour. 
The measurements were completed with a determination of ductal left to right 
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shunting and a neurological examination. The whole procedure was scheduled < 12 
hrs after birth and was repeated on the 2nd half of the 1st day and on the 2nd, 3rd 
and 5th day, as long as ventilation took place. It took place only, if seizures and 
bradycardia had been absent for at least 30 minutes and was cancelled if it exceeded 
20 minutes. The study protocol was approved by the hospital ethical committee. 
Table X.1 Clinical characteristics of the RDS patients. 
Gestational age (weeks) 
Birth weight (g) 
Weight percentile 
Apgar score after 5 min 
Male 
Complicated pregnancy 
Born by cesarean section 
Uncomplicated (n = 9) 
2 8 - 3 2 
8 1 5 - 1 9 0 0 
5 - 7 5 
5 - 1 0 
4 
9 
7 
Complicated (n-8) 
26 — 35 
985 - 2750 
1 0 - 7 5 
6—10 
5 
6 
2 
Ranges or numbers of infants. 
2.3 Blood flow parameters 
The apparatus used was a duplex ultrasound system (manufactured by ATL) 
consisting of a 5 MHz range gated Doppler velocimeter combined with a real time 
mechanical sector scanner. Both carotid arteries were transfontanellary insonated, 
just proximal to their bifurcation. The trapezoidal shape of the chiasmatic cistern 
and the pulsations of the carotid and middle cerebral arteries, served as landmarks. 
As the carotid arteries are thus still imperfectly visualised, they were scanned with 
Doppler ultrasound. The position which produced a Doppler signal of maximal 
frequency and intensity, was chosen as the site of measurement. This unequivocally 
defined position presents a negligible angle of insonation and optimal inclusion of 
the artery in the sample volume. 
According to the study protocol the baseline measurement was performed in 
fourfold, i.e. on either side in duplicate (to estimate repeatability) and the PEEP-less 
measurement in twofold (one on either side). Per measurement one epoch of 20 
seconds without behavioral state transitions or crying was analyzed pulse by pulse 
with the ECG as a time reference. In the thus obtained ensembles of pulse data the 
median and interquartile range for the end diastolic, mean and peak systolic velocity 
were calculated [Mullaart et al. 1989]. The median served as a measure of CBFV and 
the interquartile range as a measure of CBFF. 
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2.4 Other parameters 
Heart rate was derived from the ECG and was calculated in the same way as 
CBFV. Ductal shunting was determined by means of a Doppler recording of the 
blood flow in the main pulmonary artery [Daniels et al. 1982]. The neurological 
examination took place according to Volpe [1987b] and included records of 
behaviour, perception, posture, muscle tone, body and limb movements, cranial 
nerves, reflexes and habituation and included also a transfontanellar ultrasound brain 
scan. For reasons discussed previously [Mullaart et al. 1992], behaviour was scored 
by means of two variables, each with two levels, i.e. wakefulness (eyes open/closed) 
and restlessness (gross movements or irregular respiration present/absent). The 
diagnosis PVH was made from the brain scan on criteria according to Volpe [1987a]. 
In all instances follow-up imaging and postmortem examination confirmed the 
initial diagnosis. 
2.5 Statistics 
The effect of PEEP-interruption or Δ was calculated per artery and averaged for 
both sides. Left-right differences and the significance of Δ were tested by means of 
the Wilcoxon signed rank test. Bias by multiple observations per infant was avoided 
by selecting one PEEP-procedure per infant. Selection took place by means of the 
SAS RANUNI random number generator [SAS Inst Ine 1985]. The influence of age 
was tested by means of Pearson correlation, applied to all measurements. 
Explanatory factors were tested by means of backward stepwise regression 
analysis applied to the measurements in uncomplicated RDS. Bias by multiple 
observations per infant was avoided by including patient number (a to each infant 
assigned number) as a co-variable. Further co-variables were: Arestlessness; 
Δ wakefulness; Aheart rate; PDA; and the baseline of the blood flow parameter in 
question. Differences between complicated and uncomplicated RDS were analyzed 
likewise, be it that only co-variables that appeared significant in uncomplicated RDS, 
were taken into account. The results were checked for normal distribution of the 
residuals and bias due to regression to the mean. Only p-values <0.05 were 
considered significant. 
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X.3 Results 
Fifty two complete measurement procedures were eligible for further analysis: 
22 in the eight infants with complicated RDS and 30 in the nine infants with uncom-
plicated RDS. Measurements were omitted because of: termination of mechanical 
ventilation (n= 15); unstable behaviour or crying (n= 10); death (n = 6); and seizures 
(n=2). Adverse reactions requiring termination of the measurements did not occur. 
The baseline conditions before PEEP interruption are shown in Table X.2. 
The raw effects of PEEP-interruption are shown in Table X.3. Significant left-
right or age differences were not found. Hence, both sides have been taken together 
and shown irrespective of age. The figures show that PEEP interruption causes a 
decrease in CBFV, but no consistent changes in CBFF, heart rate or behaviour. 
The multiple regression analysis of ACBFV and ACBFF is elaborated in Table 
X.4 (see page 120). Most of the co-variables taken into account are involved in 
ACBFV or ACBFF, but patient number is by far the most important. The negative 
regression coefficients for PDA and the baseline of the blood flow parameters imply, 
that the effect of PEEP interruption on CBFV (i.e. a decrease) is more pronounced 
when the ductus arteriosus is patent or CBFV is high. It further implies that strong 
CBFF tends to decrease less during PEEP interruption than weak CBFF. The 
Table X.2 Baseline conditions of the RDS patients. 
End diastolic CBFV (cm/s) 
Mean CBFV (cm/s) 
Peak systolic CBFV (cm/s) 
End diastolic CBFF (cm/s) 
Mean CBFF (cm/s) 
Peak systolic CBFF (cm/s) 
Heart rate (bpm) 
Quiet 
Eyes closed 
Patent Ductus Arteriosus 
Uncomplicated (n-30) 
-2 .4 -16 .2 
3.8 - 26.0 
11 .4 -36 .6 
1 .3 -8 .3 
0 . 7 - 3 . 9 
1.2 — 3.6 
117 — 176 
27 
24 
21 
Complicated 
-2 .9 -13 .0 
2.8 — 22.8 
9 .3 -38 .1 
1.4 — 4.6 
0 . 7 - 2 . 4 
0 . 7 - 3 . 1 
101 - 1 7 1 
20 
18 
15 
Ranges or numbers of observations; CBFV - cerebral blood flow velocity; 
CBFF - cerebral blood flow fluctuation. 
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Table X.3 Changes (Δ) induced by PEEP interruption. 
Uncomplicated (n-30) Complicated (n = 22) 
Aend diastolic CBFV -6.0 — 1.9* -5.8 — 0.5* 
Amean CBFV (cm/s) -7.4 — 1.8* -7.9 — 1.1 * * 
Apeak systolic CBFV -9.8 — 1.9 -7.8 — 2.9 
Aend diastolic CBFF -3.2 — 1.0 -1.4 — 0.8 
Amean CBFF (cm/s) -1.2 - 0.9 -0.9 - 0.3 
Apeak systolic CBFF -1.4 — 0.9 - 1 . 1 — 0.8 
Aheart rate (bpm) -7.2 — 9.3 -5.3 — 10.1 
Arestlessness 2 2 
Awakefulness 8 9 
Ranges or numbers of observations; CBFV - cerebral blood flow velocity; CBFF » 
cerebral blood flow fluctuation; * ρ< 0.05; ** ρ < 0.01. 
positive coefficient for Arestlessness indicates that end diastolic CBFV decreases 
relatively little when PEEP interruption goes accompanied by restlessness. 
Additional analyses revealed no violation of the normal distribution assumption and 
no significant bias revealed no violation of the normal distribution assumption and 
no significant bias due to regression to the mean. The differences between 
complicated and uncomplicated RDS are presented in Table X.5. These were not 
significant. Reduction of the number of co-variables did not substantially change 
this. 
Table X.5 Differences (cm/s + SE) between complicated RDS (n = 22) and 
uncomplicated RDS (n = 30) for the changes (A) induced by PEEP interruption. 
ACBFV ACBFF 
end diastolic mean peak systolic end diastolic mean peak systolic 
-0.7±0.4 -0.7±0.5 -0.2±0.6 -0.1 ±0.2 -0.2 + 0.1 -0.2±0.2 
Calculated by fitting a linear regression model including the following co-variables: 
patient number; arestlessness; patent ductus arteriosus; and baseline of the blood flow 
parameter in question. None of the differences are significant, η - number of 
observations; CBFV - cerebral blood flow velocity; CBFF - cerebral blood flow 
fluctuation. 
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X.4 Discussion 
Doppler technology allows measurement of CBFV and CBFF, but not of the 
volume of CBF. Further, the internal carotid artery is not the sole artery that 
supplies the brain. It is however generally accepted that Doppler ultrasound applied 
to the major cerebropetal arteries provides a valuable estimate of CBF [Taylor et al. 
1990]. This holds a fortiori for the changes induced by interventions as presented in 
this study. The interquartile range was used as a measure of fluctuation, as it is more 
specific for fluctuation than the coefficient of variation [Mullaart et al. 1992]. 
Our finding that PEEP interruption decreases CBFV, is in agreement with an 
earlier observation of Shortland et al., that PEEP elevation increases mean CBFV in 
the anterior cerebral artery [Shortland et al. 1989]. Hence the effect of PEEP on CBF 
is reversible and immediate, and affects all major cerebral arteries. According to our 
findings this effect applies especially to the end diastolic CBFV and not at all to 
CBFF. 
Various mechanisms can be held responsible for the decrease of CBFV during 
PEEP interruption. The R2 values in Table X.4, in particular those for patient 
number, imply that other factors are still more important than those explicitly taken 
into account. Perhaps, the intracranial pressure is such a factor [Shapiro and 
Marshall 1978]. 
The fact that end diastolic CBFV decreases less when an infant becomes restless, 
might imply that restlessness counteracts the cerebral hypoxia intrinsic to the 
decrease of CBF during PEEP interruption. This assumption is consistent with 
reports that cerebral hypoxia causes arousal [Fewell and Baker 1987] and that 
restlessness increases CBF [Ramaekers et al. 1989]. 
Heart rate and shunting across the ductus arteriosus were studied in view of the 
fact that PEEP affects left ventricular function [Jardin et al. 1981; Cotton 1992] and 
ductal shunting [Björkhem et al. 1977; Cotton 1992] and thus CBF as well. Shunting 
across PDA decreases CBF [Mellander and Larsson 1988]. PEEP counteracts ductal 
shunting [Björkhem et al. 1977] and will therewith reduce the negative effect of 
PDA on CBF. This explains our finding that PDA accentuates the effect of PEEP 
interruption on end diastolic and mean CBFV. 
The baselines of the blood flow parameters were taken into account as they 
reflect dynamics of CBF and therewith its stability. Furthermore, PEEP 
interruption might affect CBF in a proportional way, just as holds for many other 
biological interventions. Accordingly a high CBFV might be more susceptible to 
ductal shunting and hence be more dependent on the counteracting effect of PEEP 
on ductal shunting. This might explain our finding that there exist a negative 
relationship between the CBFV baseline and the effect of PEEP interruption, or in 
other words that a high CBFV decreases more than on a low CBFV. The similar 
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finding for CBFF is hard to explain. In view of the beneficial effects of PEEP on the 
systemic circulation [Björkhem et al. 1977; Cotton 1992] and on respiratory effort, 
[Cotton 1992; Speidel and Dunn 1975] one would expect a positive relationship. 
Complicated and uncomplicated RDS were studied apart, since a poor condition 
might affect CBF and hence ACBF. Brain damage which largely accounts for the 
differences between our two groups of RDS patients, disturbs CBF regulation [Pryds 
1991; Ramaekers and Casaer 1990; Rosenberg 1988]. This disturbance might impair 
the capability to react to the strain of PEEP interruption. This coincides with our 
finding that CBFV decreases more in complicated than in uncomplicated RDS. 
Medication has been left out of consideration, since its role seems to be small [Saliba 
et al. 1992]. 
X.5 Conclusions and speculations 
It is concluded that PEEP supports CBF in preterm newborns with RDS by 
decreasing ductal stealing from the brain. This makes PEEP, as cerebral 
hypoperfusion is a common denominator of neonatal brain damage and RDS, a 
measure which is beneficial to the brain. Our findings further indicate that the 
decrease in CBF which occurs during PEEP interruption is moderated by 
restlessness and accentuated by brain damage. The outlined procedure thus not only 
provides insight into the influence of PEEP on CBF, but might also serve as a test 
for the integrity of CBF. In view of the preliminary character of our findings this 
needs to be further established. 
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124 General discussion 
This thesis addresses the relationship between neonatal brain damage in preterm 
newborns, in particular periventricular hemorrhage (PVH) and a number of cerebral 
blood flow (CBF) parameters measured by Doppler ultrasound. These blood flow 
parameters included: cerebral blood flow velocity (CBFV); cerebral pulse width 
(CPW); cerebral pulsatility index (CPI); cerebral blood flow fluctuation (CBFF); 
cerebral blood flow asymmetry; and finally, if mechanical ventilation took place, the 
effect of interruption of positive end expiratory pressure (PEEP) support. The 
selection of CBFV, CPW, CPI and CBFF was based on the assumption that 
ischemia, excessive pulsation and excessive fluctuation, contribute to the 
pathogenesis of PVH. Asymmetry was taken into account, as PVH exhibits a 
preference for the left side of the brain, and because left-right differences might be 
a sensitive marker for certain CBF disturbances. The attention for PEEP was a 
consequence of the questions whether PEEP contributes to the pathogenesis of 
PVH, and whether the effects of PEEP on the CBF reflect cerebrovascular 
reactivity. Other variables taken into account included patent ductus arteriosus 
(PDA), capillary pC0 2 , heart rate and behavior. The occurrence of the respiratory 
distress syndrome (RDS) was taken into account because of its strong relation with 
PVH. Periventricular leukomalacia was left out of consideration, as this diagnosis 
is not feasible in the early days after birth. The data obtained provide not only 
insight into the relationship between CBF and PVH, but also into other aspects of 
the physiopathology of CBF (in particular in the effects of PDA, RDS and 
mechanical ventilation), and on the value of Doppler ultrasound. 
XI. 1 Value of cerebrovascular Doppler ultrasonography 
During the study we encountered a number of technical and methodological 
problems. One of these was the lack of a golden standard. The problem is that 
Doppler ultrasound measures a blood flow characteristic, i.e. velocity, which cannot 
be measured by any other method. Thus, we were confined to studying only one 
aspect of reliability, i.e. reproducibility. This was taken into account by executing 
each measurement in duplicate (Chapter TV). The duplicate error was considerable, 
but lay well within the biological range of the duplicate means. On the basis of a 
comparison between error and biological range we conclude that Doppler 
ultrasound provides adequate discrimination between groups, but barely between 
individuals. Thus, Doppler ultrasound seems more a research instrument than a 
clinical tool. 
We tried to improve the accuracy of Doppler ultrasound by a number of 
technical measures. These included: 1) ultrasound imaging to control the site of 
measurement; 2) Doppler scanning to recognize the internal carotid artery and the 
place where blood flow and ultrasound coincide; 3) a recording length of 20 seconds; 
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and 4) semi-automatic analysis (off-line) of the velocity curve (Chapter IV). When 
we published on this subject, most of these measures were unusual or new. Some are 
still not routine. This applies in particular to our technique for analyzing the 
velocity curve. For most of the measures we took, there are no superior alternatives, 
except perhaps power Doppler for ultrasound imaging. 
Another problem encountered during our study, was that Doppler ultrasound 
measures a different blood flow parameter (i.e. blood flow velocity) than that used 
in most physiopathological concepts (i.e. flow volume). The conversion of the one 
parameter to the other is not feasible, because reliable vessel diameter measurement 
is (still) not clinically possible. This is also a reason for the aforementioned golden 
standard problem. It follows that definite conclusions on current physiopathological 
concepts like ischemia and hyperaemia cannot be derived from Doppler ultrasound 
alone. The question dealt with in chapter П, i.e., whether the low CBFV found in 
relation to PDA can be interpreted as ischemia, is illustrative. The answer to this 
question could only be obtained by using additional evidence from the literature. 
Doppler ultrasound is the only instrument which enables the clinical 
measurement of blood flow velocity. This exceptional position not only implies the 
disadvantages described before, but provides also advantages. That Doppler 
ultrasound measures other blood flow parameters, implies also a new view on the 
CBF, including the possibility of developing physiopathological concepts based on 
blood velocity, in addition to ischemia and hyperaemia. In this thesis this 
opportunity has been further exploited by using more velocity curve parameters 
than the pulsatility index, popular when we began our study. A decisive argument 
for this was that the angle of measurement can be controlled well enough to allow 
velocity to be measured reliably (Chapter Π & Г ). We did not confine ourselves to 
the mean velocity, but measured also the end diastolic and peak systolic velocity. 
Furthermore, we adopted two new parameters, i.e. the pulse width (Chapter П) 
and the interquartile range (Chapter VI), as alternatives for the pulsatility index and 
coefficient of variation, respectively. In both cases, the poor specificity of the 
original parameters was the main reason for this choice. The results of the respective 
substudies of this thesis show that all parameters differ in sensitivity to pathology 
and other influences. Examples are the differences in susceptibility between the end 
diastolic and peak systolic velocity for PDA (Chapter V), between the interquartile 
range and coefficient of variation for PVH (Chapter Ш), and between the pulse 
width and pulsatility index for PVH (Chapter П). This means that each study 
question requires its own set of blood flow parameters, and that the newly 
introduced parameters increase the usefulness of Doppler ultrasound. 
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XI.2 Physiology of the neonatal CBF 
The CBF is subject to many influences and thus varies continuously. This 
complication has been dealt with in two different ways. First, a number of possible 
sources of variation have been eliminated by cancelling measurements taken during 
excitement or unstable behavior, and measurements taken shortly after a seizure, 
apnoea, or an episode of bradycardia. Second, influences which could not be kept 
constant and could easily be recorded, were included in the study as co-variates. The 
significance of these co-variates was investigated for the healthy controls and the 
result of this investigation determined which co-variates were included in the 
analyses of the data from the sick infants. 
The data from the healthy controls showed that a number of factors has a 
significant correlation with the CBF. This includes for example weight for 
gestational age. The influence of this factor was only investigated for the CBFV and 
CPI, but not for the CBFF. For the CBFV we found a negative correlation and for 
the CPI a positive one. Both correlations can be explained by the brain sparing 
principle. According to this principle fetal malnutrition and hypoxia lead to a 
decrease in the cerebrovascular resistance and an increase in the CBF at the expense 
of other organs. This has previously been reported in small-for-date infants. Our 
findings which refer to small, though still appropriate-for-date infants, suggest that 
brain sparing is not confined to pathological growth retardation, but also occurs 
with physiological growth differences (Chapter V.4.1). 
Restlessness also appeared to be significant. This factor seems to increase CBFF. 
This conforms with earlier investigations of the effects of behavior on the CBFV 
(Chapter VI.4.2). PDA and postnatal age also correlate with CBF. This is dealt with 
in the next paragraph. 
XI.3 Effects of Patent Ductus Arteriosus 
On the basis of the literature and our own study we designed a model which 
explains the effects of PDA and postnatal age on the CBF. The model consists of 
three elements; 1) the intrathoracal pressure, 2) the cerebral blood flow, and 3) 
between the two, the shunt across the ductus arteriosus. These three elements are 
depicted in Fig XI. 1. The CBF is represented by two curves, one of which refers to 
the pulse width and the other to the velocity. The course of the curves has two 
phases: an abrupt neonatal transition phase; and a subsequent more gradual recovery 
phase. 
The transition phase starts at the first breath and lasts until the moment the 
ductal shunt declines. According to the literature this takes a few hours. The main 
elements of this phase are: 1) the initiation of respiration and the concomitant 
intrathoracal pressure fluctuation; 2) a reversal of the ductal shunt to the right; and 
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3) a decrease of the CBFV and increase of the pulse width and CBFF. The reversal 
of the ductal shunt is a result of the sudden decrease of the intrathoracal pressure 
after the first breath. The reversal of the ductal shunt exposes the systemic 
circulation to the intrapulmonary blood pressure which is much lower that the 
systemic pressure, and in addition to this, fluctuates with respiration. This 
progression has two consequences. The first is a decrease of the Windkessel function 
of the aorta which leads to a decrease in CBFV and an increase in PI (Chapter V) and 
pulse width (Chapter П). The effects on the CBFV and PI have been already 
described in the literature. The PW has not previously been investigated. The second 
consequence is a transmission of the respiratory intrathoracal pressure fluctuations 
to the systemic circulation and this causes an increase in CBFF (Chapter Г). Until 
now the literature on the CBFF has only considered the contribution of the 
respiration (mechanical ventilation in particular), and ignored the role of PDA. 
Fig XI.1 Effects of intrathoracal pressure, ductal shunting and postnatal age 
on cerebral blood flow velocity and pulse width 
The main features of the recovery phase are twofold. The first is the 
disappearance of the ductal shunt. The second feature is the (partial) return of the 
CBF parameters to prenatal values, that is, an increase of the CBFV with postnatal 
age and a decrease of the PW and CBFF. Of these changes, only the CBFV increase 
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has previously been demonstrated (Chapter V). A relation between age and CBFF 
is very likely, but might have been missed because the collinearity between PDA 
and postnatal age has not been properly allowed for. The relation between age and 
PW has yet to be investigated. 
The recovery phenomena discussed above and their relation in time give a mirror 
image of the transition phase. This analogy and the effects of PDA on the CBF 
discussed earlier, make it seem likely that ductal closure contributes to the age trends 
proposed above. That none of the CBF-parameters returns completely to the 
prenatal level can be explained on the basis that PDA is not the sole factor in the 
changes of the transition- and recovery phase (Chapter 1.3). 
XL4 Effects of RDS and mechanical ventilation 
RDS was involved in our study because PVH usually occurs in infants with RDS 
and a proper insight in the pathogenesis of PVH thus requires distinction between 
RDS with and without PVH. Strangely, this distinction has not been made in earlier 
studies. 
We found that RDS, either uncomplicated or complicated by PVH, correlates 
with a low CBFV and a high PI (Chapter П) and CBFF (Chapter ІП), that these 
correlations are partly explained by ductal shunting and masked by mechanical 
ventilation and positive end expiratory pressure (PEEP) support. Fig XI. 1 provides 
a number of clues to an explanation of these findings. In principle, the depicted 
variables follow the same course during RDS as in the absence of RDS. However, 
there are differences. The most important are the later closure time of the ductus 
arteriosus, and the larger size of the intrathoracal pressure fluctuations. In 
consequence, the recovery from the neonatal CBFV decrease and PI increase goes 
more slowly and the CBF fluctuates more than normal. It is likely that in RDS the 
size of the ductus arteriosus is larger than normal. Definite proof of this is lacking, 
as with todays tools ductal shunt measurement is clinically hardly feasible. Although 
CBFV is not equivalent to CBF, it is likely that the low CBFV found in RDS 
reflects ischemia. Our main reasons for believing this are the involvement of PDA 
in the CBFV decrease, and the fact that PDA is able to steal blood from the brain. 
Because it has been suggested that also the treatment of RDS is responsible for 
the relationship between RDS and PVH, we included mechanical ventilation and 
PEEP in our study. Our data show that this suggestion is not generally valid and 
that the favorable influence of mechanical ventilation and PEEP is not confined to 
the lungs and blood-gas composition, but extends to the CBF (Chapters VE, Ш & 
X). A possible explanation for this favorable effect is that both treatment modalities 
increase the intrapulmonal pressure and that this decreases the RDS-related excessive 
intrapulmonal pressure fluctuation and ductal shunting. 
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Other investigators have suggested that mechanical ventilation increases CBFF, 
rather than decreasing it as we describe. However, this increase is not due to 
mechanical ventilation per se, but is a consequence of breathing against the 
ventilator. Some authors have advocated treating this side effect using 
pharmacological muscle paralyzation. This recommendation has rarely been 
adopted, probably because counter respiration can be avoided by choosing (as we 
did) a respirator setting which conforms with spontaneous respiration. Another 
possible source of the conflict between our findings and the studies reporting an 
adverse effect of mechanical ventilation, is that different definitions for CBFF have 
been used (Chapter VIII). 
The CBFV-increasing effect of PEEP observed in our intervention study 
(Chapter X) also sheds new light on the phenomenon of grunting, a well known 
reaction in RDS. Perhaps, the trigger for this reaction is cerebral ischemia, which 
according to our data is related to RDS. Our reason for believing this, is that 
grunting is a form of self-PEEP, and according to our data PEEP and thus also self-
PEEP will counteract the RDS-related ischemia. Thus, grunting seems to be part of 
a feed-back mechanism in which cerebral ischemia provokes grunting and in its turn, 
grunting counteracts ischemia. Our data may also suggest that the same applies to 
restlessness (Chapter X). 
XI.5 Periventricular Hemorrhage 
Our study shows that infants who develop PVH exhibit the same CBF 
disturbances as infants with uncomplicated RDS (Chapter П & Ш), with besides, 
CBFV-asymmetry at the expense of the left (Chapter IX) and an increase of CPW 
(Chapter VII). The asymmetry we attribute to a greater influence (stealing) of the 
ductus arteriosus on the left carotid artery due to the shorter distance on that side 
between carotid artery and ductus arteriosus. Our study provides no explanation for 
the CPW-increase. Perhaps there is a relation with the size of the ductal shunt, or 
with local vasospasm or oedema, but as long as the ductal shunt size and blood vessel 
diameter are clinically inaccessible, no definite conclusion can be drawn. 
Whether the relation between the CBF-disturbances and PVH is causal or just 
coincidence, can only be decided by intervention studies. Intervention measures 
which have been studied are muscle paralyzation and surfactant administration. A 
beneficial effect of these measures on the risk of PVH is not yet established, but the 
literature provides indirect evidence which suggests that the relationships found are 
causal. The main indications are summarized in Fig XI.2. A number of these 
conform with the results of this thesis. This applies in particular for the contribution 
of excessive CBF-pulsation and fluctuation in the transformation-process of ischemic 
infarct to PVH. 
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Fig XI.2 Mechanisms possibly underlying PVH 
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ХІ.6 Conclusion 
The results of this thesis give support to the notion 1) that PVH is in origin an 
ischemic lesion, which progresses to its definite appearance by hemorrhagic 
transformation; 2) that the transformation-process is provoked by excessive 
pulsation and fluctuation of the CBF; 3) that both the cerebral ischemia and the 
excessive pulsation and fluctuation, are provoked by RDS; 4) that these effects of 
RDS reach the brain via the ductus arteriosus; and 5) that these effects are 
counteracted by PEEP and mechanical ventilation. 
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XIII. SUMMARY 
168 Summary 
This thesis is dedicated to the role of the cerebral blood flow (CBF) in the 
development of neonatal brain damage (NBD) in preterm newborns. The thesis 
starts with a delineation of NBD (Chapter I). The condition particularly affects 
preterm newborns, largely in the form of periventricular hemorrhage (PVH) and 
periventricular leukomalacia (PVL). These lesions have much in common. Possibly 
PVH originates as an ischemic lesion which gets its definite character by 
hemorrhagic transformation. However, there are also important differences. This 
applies in particular to the accessibility for early detection and to the insight in the 
pathogenesis. The pathogenesis of PVL is largely understood, but early detection is 
scarcely feasible. The reverse applies for PVH: it is easy to detect, but poorly 
understood. This lack of insight, together with the large social repercussions of NBD 
and indications that the incidence of this condition increases, lends this thesis its 
relevance. 
The chapter continues with a discussion on the CBF, its different characteristics 
and the various estimation methods. The discussion concentrates in particular on 
CBF-velocity (CBFV) and the role of Doppler ultrasound. The next topic is the 
change the CBF exhibits around birth. This change is drastic compared to the 
physiological variation outside the neonatal period. Most salient are a sudden 
decrease and a gradual increase thereafter. 
The chapter goes on to concentrate on the consequences of neonatal 
complications for the CBF and the brain respectively. The CBF-disturbances dealt 
with, are ischemia, hyperemia, excessive pulsation, and excessive fluctuation. The 
causes of these disturbances are numerous, though most are reducible to two 
pathological conditions: asphyxia and hypotension. Perhaps therapeutic measures, 
like mechanical ventilation and Indomethacin administration also contribute. Both, 
asphyxia and hypotension give rise to cerebral infarction, including periventricular 
leukomalacia. It is less clear which disturbances cause the development of PVH. 
Perhaps hyperemia and post-ischemic reperfusion play a role. 
Chapter II goes further into the principles of Doppler ultrasound and its 
application through the anterior fontanelle. The principle of Doppler ultrasound is 
that sound which hits a moving object, changes in a predicable way, i.e. in 
proportion to the velocity of that object. This principle is used in the measurement 
of blood velocity. In practice a blood flow is insonated with ultrasound and the 
difference between the insonated and reflected ultrasound is estimated. The 
difference in frequency measures the velocity of the investigated blood flow, 
provided that the direction of ultrasound and blood flow coincide. There are several 
places within the cerebrovascular system for which this is true. 
During the past decades, several methods of Doppler ultrasound have been 
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developed. In newborns pulsed wave Doppler through the anterior fontanelle 
combined with echo-imaging is now most popular. The main features of this method 
are a relatively small sample volume and sample volume placement under guidance 
of ultrasound imaging. 
A major advantage of Doppler ultrasound is that it causes negligible physical 
strain. This means that even the sickest newborn can undergo Doppler 
ultrasonography and that there is thus no selection bias as in other methods. Further 
advantages of Doppler ultrasound are that it leaves the blood flow unaffected and 
that it measures in real time. This means that longterm recordings are feasible and 
that a realistic presentation is obtained. The main property of Doppler ultrasound 
is that it can what no any other clinical method can, i.e. measuring blood flow 
velocity. 
The clinical significance of Doppler ultrasound is still limited. The method is 
only appropriate for a few conditions. Examples are vascular anomalies, vaso-
occlusive states, and brain death. The main significance of Doppler ultrasound is its 
applicability as a research tool. In particular Doppler ultrasound has made a large 
contribution to the insight into the physiopathology of neonatal CBF-disorders and 
hypoxic-ischemic brain damage. 
Chapter ΠΙ describes the study design, the subjects and the aim of the thesis. The 
main features of the study are a prospective design, follow-up instead of single 
observation, and inclusion of co-variates. Study subjects were preterm infants 
admitted over a period of eight months to the neonatal intensive care unit of the 
Nijmegen University Hospital. The infants exhibited the common profile of a 
neonatal intensive care unit population with high rates of complicated pregnancies, 
low birth weight for gestational age, births by caesarean section, fairly good Apgar 
scores, much RDS, delayed closure of the ductus arteriosus and poor outcomes. 
Because each part of the study made its own demands, the number of infants and 
measurements was not always the same. Of the 39 infants who eventually entered 
the study, 17 were unimpaired at the age of two years, whereas nine got possibly 
impaired and four definitely, and nine infants died. 
The infants underwent a series of five neonatal examination sessions distributed 
over the first five days, each of which included a Doppler ultrasound recording of 
the CBF and recordings of the cardiorespiratory and neurological state (dealt with 
as co-variates). This series was flanked by a recording of the main biographic data at 
the time of birth and a neurological examination at the age of two years. The two 
years neurological outcome was meant to give a wider context for the neonatal 
study, but has not been analyzed in detail. 
The Doppler recordings were directed on the supraclinoidal course of both 
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internal carotid arteries and took place in duplicate. If mechanical ventilation with 
positive end expiratory pressure (PEEP) took place, the recordings were performed 
in triplicate, the last time during short withdrawal of PEEP. For each recording a 
large number of CBF-parameters were calculated. The following eight have been 
further investigated: end diastolic CBFV, mean CBFV, peak systolic CBFV, Cerebral 
Pube Width or CPW, Cerebral Pulsatility Index or CPI, end diastolic CBF-fluctuation 
(CBFF), mean CBFF, and peak systolic CBFF. 
Chapter Г describes the reproducibility of the method of CBF Doppler 
ultrasonography used in this thesis. The coefficient of repeatability was taken as a 
measure of reproducibility. This measure was calculated from 218 duplicate 
measurements (at identical behavioral state) obtained from 31 patients. The 
coefficients found were smaller than the biological range. This implies that Doppler 
ultrasound enables to distinguish differences within the biological range. An 
additional finding was that the sample volume depth showed a negative age trend. 
This is consistent with the phenomenon of neonatal skull shrinkage as earlier 
described in the literature [Williams et al. 1977]. 
Next, the thesis deals with the range and physiology of the CBF-parameters in 
healthy infants (Chapters V & VI and part of Chapter IX). The aim of this part of 
the study was to obtain reference values and to identify physiological influences for 
later comparisons with sick infants. Asymmetry was also taken into account, first 
because NBD exhibits a preference towards the left side of the brain, and secondly, 
because left-right differences might be a sensitive marker for certain CBF-
disturbances. 
The data from the healthy infants disclosed a number of influences on the CBF. 
One of these was weight for gestational age. This factor showed a negative 
correlation with CBFV. In other words, the lower the weight, the higher the CBFV. 
This correlation is consistent with the phenomenon of brain sparing described in 
small for date infants. Our study referred to infants who were small, but still 
appropriate for date. Thus, it appears that brain sparing is also effective under 
physiological conditions. Whether weight for gestational age also correlates with 
CBFF, has not yet been established. 
Another factor for which an influence was found, was Patent ductus Arteriosus 
(PDA). This applies for both CBFV (showing a negative relationship with PDA) and 
CBFF (with a positive relationship with PDA). A possible explanation for these 
findings is that PDA exposes the systemic circulation to the much lower and much 
more variable pulmonary blood pressure. 
Postnatal age also showed an influence, emerging as a positive age trend for 
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CBFV. This trend can be explained by the closure of the ductus arteriosus in the 
early days after birth. This closure breaks the connection between the systemic and 
pulmonary circulation. For CBFF an age trend could not be found, perhaps because 
the collinearity which exists between PDA and age was not taken into account. 
Finally, restlessness was found to correlate with an increase in CBFF. Indications 
for asymmetry were not found in the healthy controls (Chapter EX). 
The last chapters of the thesis deal with a complicated neonatal course, in 
particular the development of PVH and RDS. PVL was left out of consideration as 
its diagnosis is not feasible in the early days after birth. RDS was taken into account 
in view of its strong association with PVH and the necessity to disentangle the 
effects both conditions might have on the CBF. Chapter VII focuses on CBFV and 
CBF-pulsation, chapter Ш on CBFF, chapter IX on asymmetry, and chapter X at 
last, on the effect of PEEP on CBFV and CBFF. The concentration on CBFV, CBF-
pulsation and CBFF reflects the assumption that ischemia, excessive pulsation and 
excessive fluctuation, all contribute to the pathogenesis of PVH. The attention given 
to PEEP was aimed at answering the question whether PEEP contributes to the 
pathogenesis of NBD, and whether the effects of PEEP on the CBF reflect 
cerebrovascular reactivity. 
It was found that RDS decreases CBFV and increases CBFF and CPI, in 
particular in the case of PDA, and that the effect RDS has on CBFV, CBFF and CPI, 
is counteracted by mechanical ventilation, PEEP and restlessness. No relation was 
found between RDS and cerebral pulse width or asymmetry. The findings on the 
CBFV decrease and CBFF-increase, and the contribution to this of PDA, conform 
with the PDA effect encountered in the healthy controls, and the relative large 
hemodynamic significance PDA has in preterms with RDS. As the diameter of the 
cerebral arteries was not measured, the CBFV-decrease found in RDS cannot be 
simply equated with cerebral ischemia. However, the relation between the CBFV-
decrease and PDA and the knowledge that PDA steals blood from the aorta, makes 
ischemia likely. 
The favorable effect of mechanical ventilation and PEEP is in accordance with 
the influence both have on the shunt across PDA, i.e. a decrease. Furthermore, the 
observation sheds new light on the phenomenon of grunting. As grunting is a form 
of self-PEEP, and as PEEP according to our findings increases CBFV, it is plausible 
that grunting has the same effect. Perhaps this effe« is part of a feedback mechanism 
in which cerebral ischemia provokes grunting and in its turn, grunting counteracts 
ischemia. Perhaps the same as for grunting applies also for restlessness. 
The findings for PVH were largely the same as for RDS, but there are 
differences. One of the differences was an asymmetric CBFV in case of PVH. This 
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asymmetry existed to the disadvantage of the left side of the brain and was partially 
attributable to PDA. This can be explained by a difference in distance between the 
internal carotid arteries and the ductus arteriosus. As the distance is shorter at the 
left side, PDA might steal more blood from the left carotid artery than from the 
right side. This conforms with the PDA effects encountered in the healthy controls. 
Furthermore, this offers an explanation of the preference of NBD for the left 
hemisphere, and finally, this corroborates the hypothesis that cerebral ischemia is 
an important factor in the pathogenesis of NBD. 
A second difference was that PVH correlates with a high cerebral pulse width 
(CPW). Perhaps the high CPW is a consequence of a larger ductal shunt in infants 
who develop PVH. Another explanation is vasospasm due to pre-hemorrhagic 
ischemic brain damage. As neither the size of the shunt across PDA nor the diameter 
of the cerebral arteries were measured, definite conclusions cannot be drawn. 
A third and final difference was that infants who developed PVH exhibited a 
larger susceptibility to PEEP-interruption, than infants with uncomplicated RDS. 
Perhaps, this larger susceptibility reflects impaired cerebral reactivity, due to, or 
contributing to, PVH. 
The thesis ends with a general discussion in which the main themes are: the value 
of Doppler ultrasonography; the physiology of the neonatal CBF; the effects of 
patent ductus arteriosus, RDS and mechanical ventilation on the CBF; and the 
relationship between the CBF and PVH. Finally, it is concluded that the data 
obtained substantiate the notion that: 1) PVH is in origin an ischemic lesion, which 
gets it definite appearance by hemorrhagic transformation; 2) the transformation-
process is provoked by excessive pulsation and fluctuation of the CBF; 3) both the 
cerebral ischemia and the excessive pulsation and fluctuation are provoked by RDS; 
4) these effects of RDS reach the brain via the ductus arteriosus; and 5) these effects 
are counteracted by PEEP and mechanical ventilation. 
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Dit proefschrift is gewijd aan de rol van de cerebrale bloedstroom (CBF) in het 
ontstaan van neonatale hersenbeschadiging (NBD) bij tevroeg geborenen. Het begint 
met de afgrenzing van het begrip NBD (Hoofdstuk I). De aandoening treft in het 
bijzonder tevroeg geborenen, voornamelijk in de vorm van periventriculaire 
bloedingen (PVH) of periventriculaire leukomalacie (PVL). Beide soorten 
beschadiging hebben veel gemeen. Mogelijk zelfs, is PVH een in oorsprong 
ischemische aandoening die via hemorrhagische transformatie zijn uiteindelijke 
karakter verkrijgt. Er zijn echter ook verschillen. Dit betreft in het bijzonder de 
toegankelijkheid voor vroeg-diagnostiek en het inzicht in de pathogenese. Bij PVL 
is de pathogenese grotendeels duidelijk, maar is vroeg-diagnostiek niet haalbaar. Het 
omgekeerde geldt voor PVH. Hierbij is vroeg-diagnostiek betrouwbaar mogelijk, 
maar is het inzicht in de pathogenese gering. Dit gebrek aan inzicht, de grote sociale 
repercussies van NBD en de aanwijzingen dat de aandoening eerder toe dan afneemt, 
verlenen dit proefschrift zijn relevantie. 
Het hoofdstuk gaat verder met een uiteenzetting over de CBF en over de 
verschillende karakteristieken en bepalings-methoden van de CBF. De uiteenzetting 
richt zich met name op de CBF-snelheid (CBFV) en op de rol van Doppler 
ultrageluid bij het onderzoek hiernaar. Het volgende onderwerp is de verandering 
die de CBF ondergaat rondom de geboorte. Deze verandering is ingrijpend 
vergeleken met de fysiologische variatie buiten de neonatale periode. Het 
opvallendst zijn een plotselinge afname en een geleidelijke toename daarna. 
Tenslotte wordt ingegaan op de gevolgen van neonatale complicaties voor de 
CBF en de hersenen. Besproken worden ischemie, hyperaemie, excessieve pulsatie 
en excessieve fluctuatie. De oorzaken van deze verstoringen zijn divers, maar 
uiteindelijk grotendeels terug te voeren op twee aandoeningen, namelijk asfyxie en 
hypotensie. Mogelijk dragen ook therapeutische maatregelen zoals beademing en 
Indomethacine toediening in de verstoringen bij. Zowel asfyxie als hypotensie 
veroorzaken cerebrale infarcering, inclusief periventriculaire leukomalacie. Minder 
duidelijk is welke stoornissen PVH veroorzaken. Mogelijk spelen hyperaemie en 
post-ischemische reperfusie een rol. 
Hoofdstuk Π gaat nader in op de principes van Doppler ultrasonografie en de 
toepassing ervan door de voorste fontanel. Het principe van Doppler ultrasonografie 
houdt in dat geluid dat tegen een bewegend voorwerp botst op voorspelbare wijze 
verandert, namelijk, evenredig met de snelheid van het getroffen voorwerp. Dit 
principe wordt gebruikt bij de meting van bloedstroom-snelheid. In de praktijk 
wordt een bloedstroom geïnsoneerd met ultrageluid en het verschil tussen het 
geïnsoneerde en weerkaatste ultrageluid bepaald. Het verschil in frequentie komt 
overeen met de snelheid van de onderzochte bloedstroom, mits de richting van 
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ultrageluid en bloed dezelfde zijn. Er zijn diverse plaatsen in het cerebro-vasculaire 
systeem die aan laatst genoemde voorwaarde voldoen. 
Gedurende de afgelopen decaden zijn meerdere methoden van Doppler 
ultrasonografie ontwikkeld. Momenteel is bij pasgeborenen Doppler ultrasonografie 
via de voorste fontanel gecombineerd met echo-beeldvorming het meest gangbaar. 
De belangrijkste eigenschappen van deze methode zijn een relatief klein meetvolume 
en de mogelijkheid het meetvolume te plaatsen onder controle van het echobeeld. 
Belangrijk voordeel van Doppler ultrasonografie is dat de methode nauwelijks 
belastend is voor de patiënt. Dit betekent dat zelfs de ziekste pasgeborene Doppler 
ultrasonografie kan ondergaan en dat er dus geen sprake is van selectie bias zoals bij 
gebruik van andere methoden. Andere voordelen van Doppler ultrasonografie zijn 
dat de bloedstroom ongemoeid blijft en dat de metingen realtime kunnen worden 
uitgevoerd. Hierdoor zijn langdurige bloedstroom registraties mogelijk en wordt een 
natuurgetrouw beeld verkregen. De belangrijkste eigenschap van Doppler 
ultrasonografie is dat de methode iets kan wat geen enkele andere methode kan, 
namelijk het meten van bloedstroom-snelheid. 
De klinische relevantie van Doppler ultrasonografie is beperkt. De methode is 
tot nu toe alleen voor enkele aandoeningen bruikbaar gebleken. Voorbeelden zijn 
vaat-anomalieën, vaso-occlusieve aandoeningen en hersendood. De belangrijkste 
betekenis van Doppler ultrasonografie is zijn toepasbaarheid als research instrument. 
In het bijzonder heeft ultrasonografie een bijdrage geleverd in het inzicht in de 
pathofysiologie van neonatale cerebrale bloedstroom-stoornissen en hypoxisch-
ischemische hersenbeschadiging. 
Hoofdstuk Ш beschrijft de studie-opzet, de onderzochte pasgeborenen en het 
doel van het proefschrift. De belangrijkste bijzonderheden zijn een prospectieve 
studie-opzet, follow-up in plaats van eenmalige observatie, en opname in de studie 
van co-variabelen. De studie-groep bestond uit tevroeg geborenen die gedurende een 
half jaar op de neonatale intensive care afdeling van het Academisch Ziekenhuis 
Nijmegen waren opgenomen. De groep beantwoorde aan het te verwachten beeld 
van een intensive care populatie door hoge frequenties voor gecompliceerde 
zwangerschap en geboorte per sectio cesarea, relatief goede Apgar-scores, veel RDS, 
vertraagde sluiting van de ductus arteriosus, en een slechte uitkomst. Omdat ieder 
onderdeel van de studie verschillende eisen stelde, was het aantal kinderen en 
metingen per deel-studie niet steeds gelijk. Van de 39 kinderen die uiteindelijk aan 
de studie-voorwaarden voldeden, waren 17 normaal op de leeftijd van twee jaar, 
negen mogelijk beschadigd en vier zeker beschadigd. Negen pasgeborenen stierven 
voor het tweede levensjaar. 
De kinderen ondergingen een over vijf dagen verdeelde serie van vijf onderzoeks-
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sessies, bestaande uit Doppler ultrasonografie en bepaling van cardiorespiratoire en 
neurologische conditie. Deze serie werd voorafgegaan door vastlegging van de 
belangrijkste biografische gegevens (bij de geboorte) en gevolgd door een 
neurologisch na-onderzoek op de leeftijd van twee jaar. De uitkomst op de leeftijd 
van twee jaar was alleen bedoeld als kader voor de neonatale studie, maar is verder 
niet in detail geanalyseerd. 
De Doppler metingen werden gericht op het supraclinoïdale verloop van beide 
carotis arteriën en vond in tweevoud plaats. Indien positieve eind expiratoire druk 
(PEEP) beademing plaatsvond, werden de Doppler registraties in drievoud 
uitgevoerd, de laatste maal gedurende копе opheffing van de PEEP. Uit iedere 
registratie werd een groot aantal CBF-parameters berekend. De volgende acht zijn 
nader onderzocht: eind diastolische CBFV, gemiddelde CBFV, piek systolische CBFV, 
cerebrale polswijdte ofCPW, cerebrale pulsatiliteits index ofCPI, eind diastolische CBF-
fluctuatie (CBFF), gemiddelde CBFF, en piek systolische CBFF. 
Hoofdstuk IV beschrijft de reproduceerbaarheid van de in de thesis gebruikte 
methode van CBF Doppler ultrasonografie. Als maat voor de reproduceerbaarheid 
werd de repeatabiliteits coëfficiënt gebruikt. Deze coëfficiënt werd berekend uit de 
gegevens van 218 metingen die bij 31 kinderen bij identieke gedragstoestand waren 
verkregen. De gevonden coëfficiënten lagen ruim binnen de biologische spreiding 
van de duplo-gemiddelden. Een bijkomstige bevinding was dat de diepte van het 
meet-volume een negatieve leeftijds-trend vertoonde. Dit is in overeenstemming met 
het eerder is de literatuur beschreven fenomeen van schedel-schrompeling [Williams 
et al. 1977]. 
Vervolgens wordt ingegaan op de pathofysiologie van de gemeten CBF 
parameters. Eerst gebeurt dit aan de hand van de gegevens van de gezonde controles 
(Hoofdstukken V & VI en een deel van Hoofdstuk IX). De in deze hoofdstukken 
behandelde studie-onderdelen hadden tot doel referentie-waarden te verkrijgen en 
fysiologische invloeden op te sporen, om die bij het onderzoek bij zieke prematuren 
te kunnen verdisconteren. Ook werd asymmetrie in de analyses betrokken. Dit 
omdat hiermee de voorkeur van neonatale hersenbeschadiging voor de linker 
hemisfeer zou kunnen worden verklaard en verder omdat links-rechts verschillen 
mogelijk een gevoelige indicator zijn voor bepaalde verstoringen van de CBFV. 
Het onderzoek bij de gezonde controles bracht een aantal invloeden op de CBF 
aan het licht. Eén van de factoren waarvan een invloed bleek uit te gaan was het 
geboorte-gewicht gecorrigeerd voor de geboorte-termijn. Hiervoor werd een 
negatieve correlatie met de CBFV vastgesteld, oftewel, hoe lager het gewicht, hoe 
hoger de CBFV. Deze correlatie stemt overeen met het bij intrauteriene 
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groeivertraging beschreven fenomeen van brain sparing. Deze overeenkomst 
tezamen met het feit dat de door ons onderzochte neonaten weliswaar klein maar 
niet dysmatuur waren, betekent dat brain sparing niet specifiek is voor 
pathologische groeivertraging, maar ook onder fysiologische omstandigheden 
werkzaam is. Voor de CBFF is dit nog niet onderzocht. 
Een andere factor die van invloed bleek, was open ductus Botalli (PDA). De 
invloed daarvan kwam naar voren als CBFV verlaging respectievelijk CBFF 
verhoging. Verklaring hiervoor is dat PDA de systemische circulatie bloot stelt aan 
de pulmonale bloeddruk en die is veel lager dan de systemische bloeddruk en 
schommelt bovendien met de ademhaling. 
Ook de postnatale leeftijd bleek van invloed. Dit kwam naar voren als een 
positieve leeftijdstrend voor de CBFV. Verklaring hiervoor is de in de eerste 
levensdagen waargenomen sluiting van de ductus arteriosus. Deze sluiting maakt een 
eind aan de verbinding tussen systemische en pulmonale circulatie. Een leeftijdstrend 
voor de CBFF werd niet gevonden, doordat in betreffende studie geen rekening 
gehouden werd met de tussen PDA en leeftijd bestaande collineariteit. 
Tenslotte werd een invloed voor onrust vastgesteld. Deze bleek de CBFF te 
verhogen. Voor de CBFV werd dit niet vastgesteld. Aanwijzingen voor asymmetrie 
werden evenmin gevonden bij de gezonde controles (zie hoofdstuk DC). 
De laatste hoofdstukken van het proefschrift handelen over de bevindingen bij 
een gecompliceerd neonataal beloop. In het bijzonder werd ingegaan op PVH en 
RDS, laatstgenoemde gezien zijn nauwe samenhang met PVH en de daaruit 
voortvloeiende noodzaak beider Pathogenese te ontrafelen. PVL werd buiten 
beschouwing gelaten, omdat in de eerste levensdagen de ultrageluids diagnostiek van 
deze aandoening niet betrouwbaar is. 
Hoofdstuk VII gaat in op CBFV en CBF-pulsatie, hoofdstuk Ш op CBFF, 
hoofdstuk DC op asymmetrie, en hoofdstuk X tenslotte, op de invloed van positieve 
eind expiratoire druk (PEEP) op de CBFV en CBFF. De aandacht voor de CBFV, 
CBF-pulsatie en CBFF berustte op het vermoeden dat ischemie, excessieve CBF-
pulsatie en excessieve CBF-fluctuatie bijdragen in het ontstaan van PVH. De 
aandacht voor PEEP berustte op de overwegingen dat PEEP bijdraagt in de 
Pathogenese van neonatale hersenbeschadiging en het effect van PEEP op de CBFV 
en CBFF mogelijk een indicatie is voor de cerebrovasculaire reactiviteit, 
respectievelijk cerebrale integriteit. 
Gevonden werd dat RDS de CBFV verlaagt en de CBFF verhoogt, beide vooral 
in geval van PDA, en dat beademing, PEEP en onrust deze effecten van RDS 
tegengaan. Een samenhang met de CPW of met asymmetrie werd niet gevonden. De 
bij RDS gevonden CBFV verlaging en CBFF verhoging en de samenhang daarvan 
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met PDA, zijn in overeenstemming met de bij gezonde controles gevonden invloed 
van PDA en de bij RDS horende grotere hemodynamische significantie van PDA. 
Omdat de diameter van de cerebrale arteriën niet gemeten werd, kan de bij RDS 
gevonden CBFV verlaging niet zondermeer met cerebrale ischemie vereenzelvigd 
worden. Echter, gezien de samenhang van de verlaging met PDA en de wetenschap 
dat PDA bloed aan de aorta onttrekt, ligt cerebrale ischemie het meest voor de hand. 
De gunstige invloed van beademing en PEEP is in overeenstemming met de 
invloed van beide op PDA, namelijk vermindering van ductale shunting. Met deze 
vaststelling krijgt kreunen, een vorm van auto-PEEP die specifiek is voor RDS, een 
extra dimensie. Algemeen wordt aangenomen dat kreunen atelectase tegengaat. 
Blijkens onze bevindingen ten aanzien van de invloed van PEEP, is het aannemelijk 
dat kreunen ook cerebrale ischemie tegengaat. Dit wijst op een feed-back 
mechanisme waarin cerebrale ischemie door het opwekken van kreunen wordt 
tegengegaan. Mogelijk geldt iets soortgelijks ook voor onrust. 
Bij PVH waren de CBFV en CBFF in grote trekken hetzelfde als bij RDS. Er 
waren echter ook verschillen. Eén daarvan was dat de CBFV bij PVH asymmetrisch 
is. Deze asymmetrie was in het nadeel van de linker kant en hing ten dele samen met 
PDA. Een verklaring hiervoor is dat de afstand tot aan de ductus, links kleiner is dan 
rechts en dat daardoor de ductus meer bloed aan de linker carotis onttrekt dan aan 
de rechter. Dit stemt overeen met de eerder naar voren gebrachte PDA effecten 
(CBFV afname en CBFF toename), biedt een verklaring voor de voorkeur van 
neonatale hersenbeschadiging voor de linker hemisfeer, en geeft extra steun aan de 
hypothese dat cerebrale ischemie een belangrijke factor is in de pathogenese van 
neonatale hersenbeschadiging, inclusief PVH. 
Een tweede verschil was dat bij PVH de piek systolische CBFV hoger is dan bij 
ongecompliceerde RDS. Mogelijk is dit verschil een uiting van een grotere ductale 
shunt bij kinderen die PVH ontwikkelen. Een andere verklaring is lokaal 
vasospasme ten gevolge van (pre-) hemorrhagische weefsel beschadiging. Echter, daar 
noch de omvang van de ductale shunt, noch de diameter van de cerebrale arteriën 
klinisch betrouwbaar te meten zijn, is een definitieve conclusie niet mogelijk. 
Een derde verschil tenslotte, was dat bij PVH een groter effect van PEEP-
interruptie gevonden werd dan bij ongecompliceerde RDS. Mogelijk berust dit 
verschil op een negatieve invloed van PVH op het vermogen tot reacties als kreunen 
en onrust, die zoals eerder vastgesteld het effect van PEEP op de CBFV tegen 
kunnen gaan. Daarnaast zal ongetwijfeld een negatief effect van PVH op de cerebrale 
autoregulatie ook een rol spelen. 
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Het proefschrift eindigt met een algemene discussie met als belangrijkste thema's: 
de waarde van Doppler ultrasonografìe; de fysiologie van de neonatale CBF; de 
effecten van PDA, RDS en beademing op de CBF; en de samenhang tussen CBF en 
PVH. Uiteindelijk wordt besloten dat de verkregen gegevens steun verlenen aan de 
opvatting: 1) dat PVH een in oorsprong ischemische laesie is, die via hemorrhagische 
transformatie zijn definitieve vorm krijgt; 2) dat het transformatie proces wordt 
uitgelokt door excessieve pulsatie en fluctuatie van de CBF; 3) dat zowel de cerebrale 
ischemie, als de excessieve pulsatie en fluctuatie door RDS in de hand worden 
gewerkt; 4) dat deze effecten van RDS de hersenen bereiken via de ductus arteriosus; 
en 5) dat deze effecten van RDS door beademing en PEEP worden tegengegaan. 
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STELLINGEN 
horend bij het proefschrift 
CEREBRAL BLOOD FLOW & NEONATAL BRAIN DAMAGE 
AFTER PRETERM BIRTH 
In het openbaar te verdedigen 
op vrijdag 11 april 1997 
des namiddags om 1.30 uur precies 
door 
Reinier A. Mullaart 
I 
Open ductus arteriosus met links-rechts shunt stelt het brein bloot aan 
ischemie en fluctuaties in de bloedtoevoer. Dit draagt bij tevroeg-geborenen bij 
aan het optreden van periventriculaire bloedingen. Beademing en positieve 
eind expiratoire druk gaan dit tegen (dit proefschrift). 
Π 
Voor fluctuatie is de interquartiel range een betere maat dan de variatie 
coëfficiënt (dit proefschrift). 
ΙΠ 
Kreunen bij neonatale respiratoire distress heeft een cerebroprotectief effect 
(dit proefschrift). 
Г 
De schedel schrompelt de eerste dagen na de geboorte (dit proefschrift). 
V 
Een cerebraal infarct en een cerebrale bloeding zijn de twee zijden van dezelfde 
medaille die wordt uitgereikt bij vroeggeboorte, hypertensie en ouderdom. 
VI 
In de strijd tussen lumpers en splitters gaat het om appels en peren. 
П 
Spina bifida is niet dodelijk en dus is passieve euthanasie geen zinnige optie. 
Ш 
Het verband tussen ziekte en kwaliteit van het bestaan is verre van lineair. 
IX 
De A-scan is een ten onrechte versmade methode. 
χ 
Koolstof-, zuurstof-, waterstof- en stikstof atomen fladderen door het DNA als 
trekvogels, maar uiteindelijk verandert het DNA niet een duizendste 
niillimeter. Dit laat ons zien dat de geest blijvender is dan het lichaam. (Deepak 
Chopra, Quantumhealing: Exploring the frontiers of mind/body medicine, 
New York 1989, Bantam Books). 
XI 
De yogi wist het al lang en binnen de fysiotherapie is het nu ook een gangbaar 
uitgangspunt: Bewegen staat niet op zich, maar is onderdeel van 
sensomotoriek. 
ΧΠ 
Net zoals generaals hun vorige oorlog vechten, zo behandelen dokters hun 
vorige patiënten. 
ХШ 
Kleine potjes hebben grote oren en daartussen nog veel meer. 



